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1. The survey of enzyme systems p e r t i n e n t  t o  t h e  f i e l d  of b i o e l e c t r o -  

chemistry has cont inued wi th  t h e  t e s t i n g  of two sugar  oxidases  from 

d i f f e r e n t  sources ,  a diaphorase system, a rg inase ,  and an amino a c i d  

decarboxylase , L-glutamic acid decarboxylase.  None of t hese  w a s  

found e f f e c t i v e  f o r  cu r ren t  product ion a t  normal e l e c t r o d e  p o t e n t i a l s  

without  use of carr iers .  

2. The b ioe lec t rochemica l  a c t i v i t y  of t h e  D-amino a c i d  oxidase t ryp to -  

phan system has been ex tens ive ly  cha rac t e r i zed .  

e lec t rochemica l ,  spectrophotometr ic  and chronopotent iometr ic  tech-  

niques has demonstrated t h a t  t h e  major source of c u r r e n t  in t h i s  

system i s  the  e l e c t r o d e  oxidat ion of indole  pyruvic  a c i d ,  one of the  

major products  of t h e  enzyme-substrate r e a c t i o n .  Fu r the r ,  i t  appears  

t h a t  t h e  indo le  pyruvic ac id  e x i s t s  i n  more than one tautomeric  form 

i n  so lu t ion .  One of t h e s e ,  the "enol" i s  oxidized a t  0.12v, t h e  

o the r  "keto" form a t  0 .6  t o  0 . 6 3 ~ .  L i t t l e  evidence exists f o r  

A combination of 

p a r t i c i p a t i o n  of any o the r  r eac t ion  as a h ighly  s i g n i f i c a n t  f a c t o r  

i n  cu r ren t  production w i t h  t h i s  system. 

3. Work on t h e  urea-urease system sugges ts  t h a t  e a r l y  r e s u l t s ,  demon- 

s t r a t i n g  good cu r ren t  va lues  a t  e l e c t r o d e  p o t e n t i a l s  of 0.2 v. vs 

SCE, may have been due t o  impur i t ies  i n  t h e  system (e.g.  mecaptans).  

4 .  Studies  on the  attachment of b i o l o g i c a l  agents  t o  e l ec t rode  s u r f a c e s ,  

and t h e  c h a r a c t e r i s t i c s  of such a t t ached  agents  have been s t a r t e d  

bu t  are i n  a r a t h e r  premature s ta te  f o r  conclus ions  t o  be made. 

5. A highly  s i g n i f i c a n t  f i nd ing ,  from chronopotent iometr ic  s t u d i e s ,  has 

been t h a t  high e l e c t r o d e  oxidat ion p o t e n t i a l s  may r e s u l t  i n  poisoning 

of t h e  e l e c t r o d e  w i t h  adsorbed ox ida t ion  products  of t h e  e l e c t r o -  

a c t i v e  spec ies .  
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SECTION 1 

INTRODUCTION 

A s  ou t l i ned  i n  the  f i r s t  q u a r t e r l y  r e p o r t ,  t h i s  program involves  

a s tudy  of t h e  b a s i c  processes  involved i n  t h e  genera t ion  of e l e c t r i c a l  

energy by b i o l o g i c a l  systems. i t  is  planned t o  be c a r r i e d  OUL i n  t h r e e  

phases.  The f i r s t  phase involves  a survey of a number of classes of b io-  

l o g i c a l  systems f o r  t he  purpose of des igna t ing  those  of g r e a t e s t  e l e c t r o -  

chemical a c t i v i t y .  This phase was  s u b s t a n t i a l l y  complete a t  t h e  end of 

t h e  f i r s t  q u a r t e r ,  however, some a d d i t i o n a l  systems w e r e  examined b r i e f l y  

dur ing  t h i s  r e p o r t  per iod.  The d e t a i l s  of t h i s  examination are given i n  

a later s e c t i o n .  None of t h e  systems involved w e r e  found t o  possess  

e lec t r i c a 1 a c t  iv i t y . 
The second phase of t h e  program i s  concerned w i t h  a d e t a i l e d  

s tudy  of one o r  more b i o l o g i c a l  s y s t e m s  found t o  be t h e  most a c t i v e  i n  

t h e  genera t ion  of e l e c t r i c a l  energy. Some poss ib l e  a d d i t i o n a l  d i s c r e t i o n  

i n  t h e  s e l e c t i o n  of such systems based upon such f a c t o r s  as amenabi l i ty  

t o  s tudy ,  p o t e n t i a l  usefu lness  i n  waste d i s p o s a l  a p p l i c a t i o n s ,  e t c .  , w a s  

a n t i c i p a t e d  t o  be d e s i r a b l e .  

q u a r t e r  and repor ted  i n  the  previous q u a r t e r l y  r e p o r t  has ind ica t ed  t h a t  

t h e  enzyme, D-amino a c i d  oxidase,  w i t h  t ryptophane s u b s t r a t e  w a s  one such 

system. 

l a b o r a t o r i e s ,  i s  t h e  urease-urea system. This la t ter  i s  of p a r t i c u l a r  

Information obtained dur ing  t h e  f i r s t  

Another ,  based upon work r epor t ed  from a number of d i f f e r e n t  

- 1- 
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i n t e r e s t  s i n c e  t h e  a c t i o n  of urease on urea  i s  nominally hydro lys is  t o  

ammonia and CO w i t h  no oxidat ion-reduct ion processes  involved. The 

source  of e lec t rochemica l  a c t i v i t y  i s  t h e r e f o r e  a ques t ion  of consider-  

a b l e  s c i e n t i f i c  as w e l l  as p r a c t i c a l  concern. Avai lab le  information 

i n d i c a t e s  t h e  a c t i v i t y  t o  be g rea t e r  than can be expla ined  i n  terms of 

the  e lec t rochemica l  ox ida t ion  of ammonia. 

2 

Both of t h e s e  systems have been s tud ied  during t h i s  r e p o r t  

pe r iod ,  g r e a t e s t  emphasis be ing  on the D-amino a c i d  oxidase (DAO) - 
t ryptophan system. The s t u d i e s  have been p r imar i ly  by means of t h r e e  

experimental  techniques.  

The most powerful of these ,  namely chronopotentiometry,  w a s  d i s -  

cussed b r i e f l y  i n  t h e  last  qua r t e r ly  r e p o r t .  The underlying p r i n c i p l e s  

and t h e  s i g n i f i c a n c e  of t h e  r e s u l t s  ob ta inab le  by means of t h i s  technique 

w e r e  descr ibed  t h e r e i n .  A second technique involves  the  spectrophoto-  

me t r i c  a n a l y s i s  of t h e  products  of the enzyme oxida t ion  of amino a c i d s  

and s tudy  of t h e  c o r r e l a t i o n  between t h e  formation of t hese  products  and 

the  genera t ion  of b i o - e l e c t r i c i t y .  The t h i r d  method d i r e c t e d  t o  s tudy  

and i d e n t i f i c a t i o n  of t h e  products of the e l e c t r o d e  r e a c t i o n  has been 

given pre l iminary  a t t e n t i o n  only during t h i s  per iod .  It depends upon 

s e p a r a t i o n  and i d e n t i f i c a t i o n  of t h e  va r ious  c o n s t i t u e n t s  of t h e  e l e c t r o -  

chemical  c e l l  e l e c t r o l y t e  by means of paper e l e c t r o p h o r e s i s .  

The t h i r d  phase of t h i s  program concerns t h e  more p r a c t i c a l  

problem of opt imizing output  from a given system through t h e  attachment 

of organisms t o  the  e l e c t r o d e  and a s soc ia t ed  e f f e c t s  r e l a t e d  t o  t h e  

d i f f u s i o n  of s u b s t i t u e n t s  through t h e  a t t ached  f i l m ,  as w e l l  as o the r  

a s p e c t s  of e l e c t r o d e  conf igura t ion .  The r e a c t i o n  of b i o l o g i c a l  systems 

i n  an e l ec t rochemica l  c e l l  r equ i r e s  the  assumption e i t h e r  of d i r e c t  

p a r t i c i p a t i o n  of t he  enzyme, o r  some o t h e r  macromolecular s t r u c t u r e  such 

as t h e  enzyme-substrate complex, i n  the  e l e c t r o d e  r e a c t i o n ,  o r  an i n d i r e c t  

p a r t i c i p a t i o n  i n  which t h e  enzyme o r  b i o l o g i c a l  c a t a l y s t s  p a r t i c i p a t e  

II 
8 
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only  i n  t h e  product ion of an e lec t rochemica l ly  r e a c t i v e  spec ie s  from a 

previous ly  i n a c t i v e  s u b s t r a t e .  A number of modi f ica t ions  of each type 

of system inc luding  combinations of bo th  may be v i s u a l i z e d .  Although 

d i s t i n c t i o n s  between these  two cases  may be r e a d i l y  made i n  many systems, 

t he  s i t u a t i o n  i n  an i n t a c t  organism may no t  be e a s i l y  c l a r i f i e d  without  

a f u l l  knowledge of the phys ica l  parameters of t h e  electrode-organism 

system. Thus, i t  is  e s s e n t i a l  t o  e s t a b l i s h  t h e  r e l a t i o n  between e lec t r i -  

cal  output  and v a r i a t i o n  i n  f a c t o r s  such as t h e  proximity of enzyme t o  

e l e c t r o d e ,  masking e f f e c t  of p ro te in  upon c o l l e c t o r  su r faces ,  o r i e n t a t i o n  

of enzyme t o  e l e c t r o d e  su r face  and p o s s i b l e  e lec t r ica l  conduct iv i ty  of 

b i o l o g i c a l  material i n  serv ing  as a d i r e c t  b r idge  from r e a c t i o n  t o  e l e c -  

t r o d e  su r face .  As a f i r s t  approach t o  t h i s  problem, it has been under- 

taken  t o  determine t h e  e f f e c t  of parameters which would a f f e c t  d i f f u s i o n a l  

c h a r a c t e r i s t i c s  of e l e c t r o a c t i v e  material i n  t h e  reg ion  of the  e l e c t r o d e .  

This  problem is  d iscussed  i n  more d e t a i l  i n  Sec t ion  6 and some exp lo ra to ry  

s t u d i e s  are descr ibed  concerning the e f f e c t  of vary ing  enzyme concentra-  

t i o n s  i n  t h e  reg ion  of t h e  e l ec t rode  through t h e  use  of a suppor t ing  aga r  

ma t r ix  o r  by enc los ing  i n  semipermeable membranes. 

-3- 



SECTION 2 

MATERIALS AND METHODS 

2.1 MATERIALS 
a. Enzymes 

The crystalline enzynes, D-adno acid cxidase (DAO) and ilrease 

were prepared at Aeronutronic as previously described in the first quarterly 

report. DAO had an activity of approximately =p/mg (pl O2 uptake/30min/mg) 
and urease an activity of 11 to 13 Sumner units/mg (Sumner unit, designated 

Su = 1 mg N ammonia released per 5 minutes). Commercial urease has also 
been used. Other commercial enzyme preparations were: Calbiochem, urease, 

0.34 SU/mg; Mann Research Laboratory, diaphorase from Clostridium kluweri, 

974 u /mg and crystalline (2x) rabbit muscle lactic dehydrogenase, 31.3 
u/mg; Sigma Chemicals, Catalase, beef liver, 8250 u/mg; Worthington Bio- 

* 

Chemical Co., L-arginase from beef liver, 20 u/mg, L-glutamic decarboxylase 

from E. coli, 0.6 p/mg. 
The sugar oxidases from Iridophycus flaccidum and from orange 

fruit were prepared at the University of California by published procedures 

(192). 
b. Chemicals 

D-amino acids (alanine, tryptophan, tyrosine and phenylalanine) 

were from Sigma Chemical Co. Indole-3-pyruvic acid came from K & K Chemical 

* Where enzymatic unit is not defined, one unit is that activity producing 
1 p mole product per minute (standard enzyme unit). 
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Company whi l e  sodium phenyl pyruvate and E-hydroxyphenyl pyruvic a c i d  

were from Calbiochem Corporation. Other materials w e r e  as l i s t e d  i n  

t h e  previous r e p o r t .  

2 . 2  METHODS 

Standard experimental  techniques o r  t hese  d iscussed  i n  previous 

r e p o r t s  are descr ibed  here .  New techniques developed dur ing  t h i s  r e p o r t  

per iod are presented  under the  r e l a t e d  sec t ions .  

a. P o t e n t i o s t a t i c  S tudies  of C e l l  Output 

Unless otherwise s t a t e d ,  e l e c t r i c a l  measurenents w e r e  performed 

i n  t h e  e lec t rochemica l  c e l l  . i l l u s t r a t e d  i n  F igure  3 of t h e  f i r s t  q u a r t e r l y  

r e p o r t .  E l e c t r i c a l  output  w a s  measured a t  a r e g u l a r  e l e c t r o d e  p o t e n t i a l  

of 0.200 v.  vs .  SCE maintained by means of a manually c o n t r o l l e d  power 

supply as ou t l ined  i n  t h e  previous r e p o r t .  I n  anaerobic  experiments,  t he  

c e l l  w a s  de-aerated through t h e  use of p r e p u r i f i e d  nit .rogen, f u r t h e r  

t r e a t e d  by passing over heated copper. This w a s  passed over t h e  s u r f a c e  

of t h e  ano ly te  s o l u t i o n  i n  t h e  c e l l ,  w i t h  s t i r r i n g  by means of a magnetic 

stirrer. Experiments designated as  ae rob ic  w e r e  c a r r i e d  out w i t h  t h e  

c e l l  open t o  t h e  a i r .  

A micro-electrochemical  c e l l  shown i n  F igure  1 has been f a b r i -  

ca t ed  f o r  use  i n  t r a c e r  experiments. It uses  one t e n t h  t h e  volume of 

ano ly te  requi red  by t h e  r e g u l a r  c e l l .  S t i r r i n g  i s  accomplished by a 

v i b r a t i n g  e l e c t r o d e  d r iven  by a n  e l e c t r i c  shaver motor. This  c e l l  w a s  

t e s t e d  by comparison of i t s  output w i t h  t h a t  of t h e  r e g u l a r  c e l l  under 

otherwise t h e  same cond i t ions ,  and w a s  found t o  show e s s e n t i a l l y  i d e n t i c a l  

behavior .  

b. Chronopotentiometry Studies  

The c b n o p o t e n t i o m e t r i c  appara tus  used i n  t h i s  i n v e s t i g a t i o n  

has been descr ibed  i n  t h e  f i r s t  qua r t e r ly  r e p o r t  on t h i s  program. A 

s l i g h t  mod i f i ca t ion  i n  the  c i r c u i t r y  w a s  made by t h e  i n t r o d u c t i o n  of a 

-5 - 
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B - BODY O F  CELL FROM 14/20 J O I N T  

E - PLATINUM ELECTRODE 

A - OPENING FOR INSERTION OF LUGGEN CAPILLARY, NITROGEN 
FLW CAPILLARY AND SYRINGES FOR ADDITION AND REMOVAL 
OF CONTENTS 

V - ATTACHMENT TO ELECTRIC RAZOR MOTOR FOR VEBRATOR. 
AMPLITUDE VARIED FROM 0 TO 2 MM AT P O I N T  O F  ATTACH- 
MENT THROUGH USE OF POWERSTAT 

S - MINIATURE RUBBER STOPPER ACTING AS FULCRUM FOR 
VIBRATING ELECTRODE 

0 - OPENING FOR ELECTRODE INSERTION,  COVERED WITH 
P L A S T I C  CAP OR STOPPER 

R 0 2 6 3 9  

FIGURE 1. MICRO-ELECTROCHENICAL CELL 
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cur ren t  r e v e r s i n g  switch.  The c e l l  w a s  of t h e  same des ign  as t h a t  employed 

i n  p o t e n t i o s t a t i c  p o l a r i z a t i o n  experiments. (See F igu re  3 ,  p. 11 of f i r s t  

q u a r t e r l y  r e p o r t . )  The r e fe rence  e l e c t r o d e  (SCE) and t h e  a u x i l i a r y  e l ec -  

t r o d e  were connected t o  t h e  e l e c t r o l y t i c  c e l l  ( tes t  e l e c t r o d e  compartment) 

through a f r i t t e d  g l a s s  d i s c  and a 3.0% agar  plug s a t u r a t e d  wi th  potassium 

n i t r a t e .  

imate ly  t inch  i n  diameter) which w a s  s ea l ed  t o  an end of a s o f t  g l a s s  

tub ing .  

t h e  plat inum d i s c .  This e l ec t rode  w a s  i n s e r t e d  i n  a l a r g e r  diameter g l a s s  

tub ing  which served as a mantle.  

inch  below the  s u r f a c e  of t h e  so lu t ion  i n  t h e  c e l l .  Anodic chrono- 

poten t iomet r ic  s t u d i e s  w e r e  ca r r i ed  out wi th  "oxidized",  "reduced" and 

"clean" e l e c t r o d e s  (def ined below) i n  u n s t i r r e d  and s t i r r e d  s o l u t i o n s .  

When measurements were made i n  uns t i r r ed  s o l u t i o n  t h e  e l e c t r o d e  w a s  wi th-  

drawn approximately % inch  from t h e  end of t h e  g l a s s  mant le ;  i n  s t i r r e d  

s o l u t i o n  t h e  e l e c t r o d e  w a s  extended s l i g h t l y  beyond the  end of the mantle.  

I n  anaerobic  s t u d i e s  t h e  s o l u t i o n  w a s  de-aera ted  p r i o r  t o  an experimental  

run and blanketed dur ing  t h e  run  wi th  p r e p u r i f i e d  n i t rogen .  The prepara-  

t i o n  of D-tryptophan-D-amino a c i d  oxidase s o l u t i o n  involves  s p e c i a l  

p recaut ions  t o  remove oxygen f r o m t h e  system. Af t e r  t h e  a d d i t i o n  of 

r equ i r ed  amount of D-tryptophan t o  t h e  de-aera ted  b u f f e r  s o l u t i o n  i n  t h e  

e l e c t r o l y t i c  c e l l  t h e  r e s u l t i n g  so lu t ion  w a s  de-aera ted  f u r t h e r  w i t h  

n i t rogen  f o r  20 minutes. The amino a c i d  oxidase w a s  subjec ted  r epea ted ly  

t o  vacuum and n i t rogen  atmosphere and then  t r a n s f e r r e d  t o  the  c e l l  w i th  a 

hypodermic syr inge .  I n  a l l  s tud ie s  t h e  temperature  of t h e  c e l l  w a s  main- 

t a i n e d  a t  38OC. 

The test  e l e c t r o d e  cons is ted  of a smooth plat inum d i s c  (approx- 

E l e c t r i c a l  con tac t  w a s  made by means of a n i c k e l  w i r e  welded t o  

The mantle  extended approximately one 

"Oxidized" e l ec t rode  r e f e r s  t o  an e l e c t r o d e  which w a s  brought 

chronopotentiometrically t o  t h e  p o t e n t i a l  of oxygen evolu t ion .  "Reduced" 

e l e c t r o d e  r e f e r s  t o  an oxid ized  e l ec t rode  t h a t  w a s  reduced chronopotent io-  

m e t r i c a l l y  t o  t h e  p o t e n t i a l  of hydrogen evolu t ion .  "Clean" e l e c t r o d e  



1 
8 
I 
I 
a 

refers to an electrode which was treated in the following way: 

and cathodized in 50% nitric acid solution, cathodized in H SO 
rinsed with distilled water, wiped dry, placed in the sample solution 

and reduced chronopotentianetrically to a potential of hydrogen evolution. 

This treatment was found necessary to remove the oxidation products from 

the previous experimental run. The electrode was subjected to one or 

the other of these pretreatment procedures prior to the taking of each 
potent i ogram. 

anodized 

(pH=O), 2 4  

Other c. - 
Spectrophotometric studies made use of either a Cary Model 14 

or Beckman DK-2A recording spectrophotometer. Electrophoresis was per- 

formed with Research Specialties Co. equipment. 
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SECTION 3 

SURVEY OF NEW ENZYME SYSTEMS 

3.1 SUGAR OXIDASES 

The glucose oxidase from Pen ic i l l i um has  been ex tens ive ly  

s t u d i e d  i n  t h e  e lec t rochemica l  c e l l  he re  and elsewhere.  The sugar  

oxidases  from Ir idophycus flaccidum (1) (a r e d  a lga )  and from oranges (2) 

have cons iderably  d i f f e r e n t  s u b s t r a t e  and e l e c t r o n  carrier s p e c i f i c i t i e s  

and might g ive  d i f f e r e n t  e l ec t rode  r eac t ions .  I n  p a r t i c u l a r ,  t h e  enzyme 

from oranges occurs  i n  bo th  a so luble  and in so lub le  form ( f i rmly  bound 

t o  p a r t i c u l a t e  material bu t  f u l l y  a c t i v e  i n  suspension) and conceivably 

would lend i t s e l f  t o  e l e c t r o d e  attachment s t u d i e s  more r e a d i l y  than  some 

s o l u b l e  enzymes. None of t h e s e  sys t ems  were s u f f i c i e n t l y  active i n  pro- 

ducing cu r ren t  t o  warrant  f u r t h e r  s tudy.  

3.2 LACTIC DEHYDROGENASE-DIAPHORASE-NAD SYSTEM 

Diaphorase i s  a f l avopro te in  (3) which ox id izes  reduced nico-  

t inamide adenine d inuc leo t ide  (NADH ). Although the  l a t te r  cannot be 2 
considered as a l i k e l y  f u e l  c e l l  s u b s t r a t e ,  t h e  l a r g e  number of enzymes 

which use NAD as an  e l e c t r o n  c a r r i e r  i n  t h e  oxida t ion  of simple s u b s t r a t e s  

makes t h e  diaphorase system a t t r a c t i v e  f o r  s tudy.  I n  t h e s e  experiments ,  

t h e  l a c t i c  a c i d - l a c t i c  dehydrogenase system w a s  used t o  provide a cont in-  

uous source of reduced NAD f o r  reduct ion of t h e  diaphorase.  Once more, 

l i t t l e  a c t i v i t y  w a s  found. 

- 9- 
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3 . 3  ARGINASE 

The seeming success  of the urea-urease system i n  e a r l y  s t u d i e s  

made i t  d e s i r a b l e  t o  check some r e l a t e d  hydro ly t i c  systems. Arginase,  

which hydrolyzes a r g i n i n e  t o  u r e a  and o r n i t h i n e ,  w a s  t e s t e d  f o r  e l e c t r o -  

chemical a c t i v i t y  and found inac t ive .  

3 . 4  AMINO ACID DECARBOXYLASES 

The amino a c i d  decarboxylases are widely d i s t r i b u t e d  i n  

b a c t e r i a ,  one of t h e  r i c h e s t  sources b e i n g g s c h e r i c h i a  c-. They are 

g e n e r a l l y  formed i n  adapt ive  response t o  a s p e c i f i c  amino a c i d  and tend 

t o  be h ighly  s p e c i f i c .  

RCHNH2COOH RCH2NH2 + C O I L .  D e s p i t e  t h e  s p e c i f i c i t y  of i n d i v i d u a l  

enzymes, they  a l l  appear t o  funct ion through t h e  same mechanism, involv ing  

a p r o s t h e t i c  group ( f i rmly  a t tached  t o  t h e  enzyme) of pyr idoxal  phosphate. 

The general  r e a c t i o n  f o r  t h e s e  enzymes is  

The tests of L-glutamic decarboxylase s h m e d  no s i g n i f i c a n t  

a c t i v i t y  i n  the  e lec t rochemica l  c e l l .  

- 10- 



SECTION 4 

STUDIES ON THE AMINO ACID OXIDASE SYSTEM 

4. L GENERAL OBSERVATIONS 

The c h a r a c t e r i s t i c  r eac t ions  i n  t h i s  system are t h e  following: 

RCH2NH2COOH + En -+ RC(=NH)COOH.EnH2 

enzyme-substrate 
complex I 1 

anaerobic  + A 

ae rob ic  

--> RC(N=H)COOH + En + H202 

RC(N=H)COOH + H2A + En 

O2 

RC(N=H)COOH + H 2 0  - Rd..GO-COOH + NH3 
Information obtained the previous q u a r t e r  and r epor t ed  i n  t h e  

p a s t  q u a r t e r l y  r e p o r t  showed t h a t  s i g n i f i c a n t  c u r r e n t s  could be obtained 

a t  r e l a t i v e l y  low e l e c t r o d e  p o t e n t i a l s  from a system which included t h e  

enzyme D-Amino Acid Oxidase (DAO) a c t i n g  upon c e r t a i n  aromatic amino 

a c i d s  under o s t e n s i b l y  anaerobic  condi t ions .  

Of p a r t i c u l a r  i n t e r e s t  w a s  t h e  h igh  c u r r e n t  obtained s p e c i f i c a l l y  

w i t h  t ryptophan.  F igu re  2 shows the  magnitude of t h i s  cu r ren t  obtained 

under ae rob ic  condi t ions  as a funct ion of time s t a r t i n g  from f i r s t  a d d i t i o n  

of t h e  tryphophan and w i t h  t h e  addi t ion  of success ive  increments of t ryph-  

ophan t h e r e a f t e r .  It i s  observed t h a t  i n  each  case an  i n i t i a l  t r a n s i e n t  

- 11- 
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of about 10 minutes i s  obtained,  a f t e r  which a s teady  cu r ren t  i s  obtained 

approximately p ropor t iona l  t o  t h e  square r o o t  of t h e  tryptophan concen- 

t ra t  ion.  

The l i m i t i n g  va lue  of t h e  cu r ren t  i s  found t o  be s i g n i f i c a n t l y  

dependent upon enzyme concentrat ion.  This i s  shown by Figure  3 i n  which 

the  r e c i p r o c a l  of enzyme concentrat ion i s  p l o t t e d  aga ins t  t h e  r e c i p r o c a l  

of t h e  cu r ren t .  This type  of p l o t  i s  according t o  s tandard  procedure i n  

enzyme chemistry except  t h a t  r e c i p r o c a l  of t h e  r e a c t i o n  ra te  i s  normally 

p l o t t e d  in s t ead  of r e c i p r o c a l  of c e l l  cu r ren t .  Data is  shown f o r  two 

i d e n t i c a l  runs ,  i n  each of which the  enzyme concent ra t ion  i s  incrementa l ly  

increased  by means of success ive  addi t ions .  B e t w e e n  a d d i t i o n s ,  s u f f i c -  

i e n t  t i m e  w a s  allowed f o r  t h e  cur ren t  t o  achieve s teady  s t a t e  va lue .  

The s t r a i g h t  l i n e  ind ica t e s  t h a t  t h e  dependence of ra te  on 

enzyme concent ra t ion  i s  f i r s t  order ,  as would be  expected under condi t ions  

where t h e  concent ra t ion  of enzyme-substrate complex is  small r e l a t i v e  t o  

t h e  t o t a l  s u b s t r a t e  concent ra t ion .  The displacement between t h e  two 

curves i s  a t t r i b u t e d  t o  uncontrol led d i f f e r e n c e s  i n  t h e  experimental  

condi t ions ,  such as perhaps i n  the degree of s a t u r a t i o n  of t h e  ano ly te  

w i t h  a i r .  Complete i n t e r p r e t a t i o n  of t h e s e  observa t ions  and those  of 

F igu re  2 i s  not  poss ib l e  a t  t h i s  t i m e ,  s i n c e  a d e t a i l e d  k i n e t i c  s tudy 

was not  thought t o  be warranted. 

One of t h e  most s t r i k i n g  observa t ions  made on t h i s  syStem i s  

t h e  l a rge  inc rease  i n  cu r ren t  obtained a e r o b i c a l l y  over t h a t  obtained 

anae rob ica l ly ,  and t h i s  has  proven t o  be a ve ry  important f a c t o r  i n  

i d e n t i f i c a t i o n  of t h e  p e r t i n e n t  e l ec t rode  r e a c t i o n .  I f  a s i g n i f i c a n t  

f r a c t i o n  of t h e  cu r ren t  developed by t h i s  system ar ises  from e l e c t r o -  

chemical ox ida t ion  of t h e  reduced enzyme, admission of oxygen i n t o  t h e  

e l e c t r o d e  chamber would be expected t o  compete w i t h  t h e  e l e c t r o d e  f o r  

t he  reduced enzyme, thus  reducing t h e  cu r ren t .  Such competi t ion by 

oxygen would no t  be expected i f  t he  enzyme s u b s t r a t e  complex, o r  some 

subsequent r e a c t i o n  product were the  e l e c t r o a c t i v e  spec ie s .  F igure  4 

- 13- 
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shows t h e  e f f e c t  upon ce l l  cur ren t  of admission of a i r  t o  t h e  e l e c t r o d e  

compartment f o r  t h r e e  d i f f e r e n t  s u b s t r a t e s ,  namely phenylalanine,  a l a n i n e  

and tryptophane. It i s  seen t h a t  an increase i n  c u r r e n t  occurs  i n  a l l  

cases ,  t h e  l a r g e s t  i nc rease  being o b f a h e d  w i t h  tryphophane. It must be 

noted t h a t  t h i s  behavior does no t  prec lude  the  p a r t i c i p a t i o n  of t h e  

enzyme i n  t h e  e l e c t r o d e  r eac t ion .  However, i n  v i e w  of t he  above consid- 

e r a t i o n s  i t  i s  be l ieved  t o  s t rong ly  imply t h a t  a major p a r t  of t h e  cu r ren t  

d e r i v e s  from e lec t rochemica l  a c t i v i t y  on t h e  p a r t  of some 

product of t h e  ae rob ic  enzymatic r eac t ion .  

The v i s i b l e  e f f e c t  o f  a i r  demonstrated here ,  i n  conjunct ion  

w i t h  t h e  c h r o n o p o t e n t i m e t r i c  s t u d i e s  (see Sec t ion  4.3) i nd ica t ed  t h e  

p o s s i b i l i t y  t h a t  t h e  major p a r t  of cu r ren t  from t h e  anaerobic  t ryptophan-  

enzyme system might be due t o  acc iden ta l  i n t r o d n d i m  of very  small 

amounts of oxygen i n t o  t h e  so lu t ion .  Measurements of e l e c t r i c a l  output  , 
made w i t h  s p e c i a l  p recaut ions  t o  exclude oxygen during experimental  

manipulat ion showed that ava i l ab le  cur ren t  i n  t h e  DAD-tryptophan system 

could be  reduced t o  1.1 t o  2.0 pa/cm , i n  c o n t r a s t  t o  the  4 t o  10 paa/cm 

normally found. 

s i m i  lar . 

2 2 

Resu l t s  f o r  the tyrosine-DA0 system were found t o  be 

With phenylalanine and a l an ine  as s u b s t r a t e s  , admission of a i r  

i n t o  t h e  anode c e l l  caused a much smaller inc rease  i n  c u r r e n t  ou tput  than  

w i t h  tryptophan. This  dependence upon s u b s t r a t e  i s  c o n s i s t e n t  w i t h  con- 

c lus ions  t o  be descr ibed  now as t o  t h e  chemical spec ie s  r e spons ib l e  f o r  

t h e  e lec t rochemica l  r e a c t i o n .  

The r e a c t i o n  of DAO with an  amino a c i d  g ives  r ise ,  i n i t i a l l y ,  

t o  t h r e e  important end products :  

I f  catalase i s  no t  present  t o  des t roy  the  peroxide as formed it can react 

f u r t h e r  w i t h  t h e  pyruvate  d e r i v a t i v e  r e s u l t i n g  i n  decarboxyla t ion  and 

formation of a s h o r t e r  cha in  ac id .  Thus, t h r e e ,  and poss ib ly  f o u r ,  

p roducts  could b e  r e spons ib l e  f o r  the observed c u r r e n t s .  

a pyruvic  a c i d  d e r i v a t i v e ,  NH3 and H202. 
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NH w a s  found t o  be completely i n a c t i v e  under t h e  condi t ions  3 
used i n  these  experiments when i t  w a s  added i n  the  form of ammonium 

ch lo r ide .  I n  a sepa ra t e  experiment hydrogen peroxide,  a t  0.0048 M, t he  

maximal concent ra t ion  which might be found upon complete oxida t ion  of 

t he  t ryptophan,  gave r i s e  t o  s u b s t a n t i a l  cu r ren t s  ( see  p o l a r i z a t i o n  

curve of Figure 5).  

peroxide destroyed the  cu r ren t  i n  t h i s  experiment. 

Addition of c a t a l a s e  t o  t he  DAO-alanine system a l s o  prevented 

However, addi t ion of c a t a l a s e  t o  the  hydrogen 

any inc rease  i n  cu r ren t  upon introducing a i r  i n t o  the  c e l l  i n d i c a t i n g  

t h a t  t h e  e n t i r e  a l an ine  ae rob ic  current  w a s  probably due t o  hydrogen 

peroxide formation. 

not  s i g n i f i c a n t l y  reduce t h e  aerobic  output and, i n  f a c t ,  i n  co r re s -  

ponding experimentsundermaenjbir condi t ions seemed t o  assist i n  maintain- 

ing the  cu r ren t .  Thus, n e i t h e r  hydrogen peroxide nor ammonia would 

appear t o  be con t r ibu t ing  s i g n i f i c a n t l y  t o  the  ae rob ic  cu r ren t  i n  t h e  

DAO-tryptophan system. It follows t h a t  t h e  e l e c t r o a c t i v e  spec ie s ,  i n  

t h e  case of t ryptophan,  i s  t h e  reac t ion  product i ndo le  pyruvic a c i d ,  and 

t h a t  i f  t he  corresponding product f o r  a t h e r  s u b s t r a t e s  i s  not  e l e c t r o -  

chemically a c t i v e ,  no e f f e c t  upon cu r ren t  o ther  than t h a t  a t t r i b u t a b l e  

t o  peroxide i s  t o  be expected. 

Addition of catalase t o  the  t ryptophan system did 

I n  order  t o  examine t h i s  po in t  f u r t h e r ,  s t u d i e s  were c a r r i e d  

out on t h e  a c t i v i t y  i n  the  electrochemical  c e l l  of t h e  expected r e a c t i o n  

products  of t h r e e  amino ac id  wi th  DAO, namely t ryptophane,  t y ros ine  and 

phenylalanine.  These product ma te r i a l s ,  indole  pyruvic a c i d ,  

p-hydroxyphenyl pyruvic a c i d ,  and phenyl pyruvic a c i d ,  w e r e  obtained from 

an ou t s ide  source.  

A s tock  s o l u t i o n  w a s  made by d i s so lv ing  comnercial  indolepyruvic  

a c i d  (IPA) i n  0 . 1  M pyrophosphate b u f f e r ,  (pH 8.3). This s t o c k  s o l u t i o n  

w a s  added i n  increments t o  25 m l  of bu f fe r  and 0.6 m l  of enzyme s o l u t i o n  

(1.0 mg/ml) i n  t h e  electrochemical  c e l l .  

p o l a r i z a t i o n  p o t e n t i a l  were then  made f o r  each concent ra t ion .  

Current readings  a t  0.200 v 

Since IPA 
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has only a l imi t ed  s o l u b i l i t y  i n  t h e  bu f fe r  used, concent ra t ions  above 

0.0006 M w e r e  obtained by adding weighed q u a n t i t i e s  of t h e  s o l i d  IPA t o  

t h e  c e l l  s o l u t i o n  and reading the  cu r ren t  a f t e r  complete s o l u t i o n  of t h e  

sample. 

Current w a s  found t o  be l i n e a r l y  p ropor t iona l  t o  IPA concentra-  

t i o n  when obtained by a d d i t i o n  of t h e  s tock  IPA s o l u t i o n  t o  t h e  c e l l  

(Figure 6) but  t h e  two p o i n t s  a t  higher concent ra t ion ,  ob ta ined  by add- 

i t i o n  of s o l i d  IPA do not  fo l low the  same curve.  The reason  f o r  t h i s  

discrepancy w i l l  be  d iscussed  l a t e r .  (See Sec t ion  4.5) No d i f f e r e n c e s  

w e r e  found f o r  t h e  e lec t rochemica l  ox ida t ion  of IPA c a r r i e d  out  e i t h e r  

aer ob ica 1 l y  o r  anaerobica l  l y  . 
The p-hydroxphenyl pyruvic a c i d  and phenyl pyruvic a c i d  w e r e  

t e s t e d  s i m i l a r l y  and the  r e s u l t s  a r e  given i n  Table 1. Currents  ob ta ined  

w i t h  phenyl pyruvate w e r e  n e g l i g i b l e ,  i n  l i n e  w i t h  t h e  low c u r r e n t s  found 

f o r  phenylalanine ox ida t ion  (Figure 4). Despi te  low concen t r a t ions  of 

hydroxyphenyl pyruvate ,  s i g n i f i c a n t  c u r r e n t s ,  p ropor t iona l  t o  concentra-  

t ion ,were  obtained.  Tyrosine w a s  a l s o  capable  of suppor t ing  s i g n i f i c a n t  

c u r r e n t s  dur ing  r e a c t i o n  w i t h  DAO i n  t h e  e lec t rochemica l  c e l l  (Figure 8, 

previous q u a r t e r l y  r e p o r t ) .  

4.2 ANALYTICAL STUDIES ON THE D-AMINO ACID OXIDASE SYSTEM 
AND CORRELATION WITH ELECTRICAL OUTPUT 

I n  order  t o  e s t a b l i s h  the e x t e n t  of ox ida t ion  .of t h e  amino a c i d s  

i n  the  e lec t rochemica l  c e l l ,  t o  determine whether l e v e l s  of i ndo le  pyruvate 

der ived  from tryptophan could account f o r  t o t a l  c e l l  c u r r e n t ,  and t o  

e s t a b l i s h  e lec t rochemica l  y i e l d s  and e f f i c i e n c i e s ,  i t  w a s  d e s i r a b l e  t o  

s tudy  t h e  re la t ive l e v e l s  of s u b s t r a t e  and product i n  the  e lec t rochemica l  

c e l l  under load condi t ions .  Prel iminary spectrophotometr ic  observa t ions  

revea led  t h e  progress ive  formation of a new shoulder  o r  abso rp t ion  peak 

i n  t h e  s p e c t r a  of the  aromatic  amino a c i d s  dur ing  oxida t ion  by DAO i n  

d i l u t e  s o l u t i o n .  For t ryptophan (Figure 7) t h i s  peak f e l l  a t  306 m b  f o r  

t y r o s i n e  a t  295 m p  and f o r  phenylalanine a t  285 mp.  It appeared f e a s i b l e  
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TABLE 1 

ELEXTROCHEMICAL OXIDATI(1N OF AROMATIC PYRUVIC ACIDS 

Fhenylpyruvic Acid (PPA) 

Conditions:  0.1 M pyrophosphate b u f f e r ,  pH 8.3,  
anoly te  volume-25 m l ,  Ni t rogen gas phase 

* 2 *  
C e l l  Contents Vc (mv) Ic(pa/cm 1 

Buffer  +209 uns t a b  le n e g l i g i b l e  

14.4 pgjml PPA +2 10 uns t ab le  n e g l i g i b l e  

28i8 pg/ml PPA +2 15 uns t ab le  n e g l i g i b l e  

57.6 pg/ml PPA +2 15 uns t ab le  n e g l i g i b l e  

115 pg/ml PPA +2 13 uns t ab le  n e g l i g i b l e  

p-Hydroxyphenyl Pyruvic Acid (HPA) 

Conditions:  as above 

C e l l  Contents vo(mv> VC(mv) IC Ga/cm2) 

Buffer  +234 

18 pg/ml HPA +150 

35 pg/ml HPA +2 00 3 .5  

65 pg/ml HPA +200 5.5 

114 pg/ml HPA +200 7.9 

* V - open c i r c u i t  p o t e n t i a l  
0 

Vc - c losed  c i r c u i t  p o t e n t i a l  

IC - load cu r ren t  
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t o  develop a method f o r  d i r e c t  ana lys i s  of t h e  ox ida t ion  products using 

t h e s e  peaks. 

phane system. 

The method is  as descr ibed below f o r  s tudy  of t h e  DAO-trypto- 

A s tandard  absorp t ion  curve f o r  t h e  de te rmina t ion  of IPA concen- 

t r a t i o n  i n  t h e  e lec t rochemica l  ce l l  w a s .  prepared as fol lows.  Both r e f e r -  

e n c e  and s tandard  absorp t ion  c e l l s  w e r e  prepared con ta in ing  0.005 M 

D-tryptophane. A s o l u t i o n  of 0.005 M indo le  pyruvic a c i d  w a s  a l s o  pre-  

pared. The la t ter  s o l u t i m  w a s  used t o  r ep lace  a l i q u o t s  removed from 

the  measured volume of tryptophane s o l u t i o n  i n  t h e  sample c e l l  so  as t o  

o b t a i n  known concent ra t ions  of IPA i n  the  presence of tryptophan. S p e c t r a l  

scans  w e r e  made from 350 m p  t o  230 mp f o r  each va lue  of IPA using a 1 mm 

l i g h t  pa th ,  obtained through t h e  use  of o p t i c a l  spacers  i n  a 10 mm ce l l .  

The concent ra t ion  of 0.005 M tryptophan w a s  chosen s i n c e  t h i s  approached 

the m a x i m u m  concent ra t ion  permissible  w i t h  a 1 mm o p t i c a l  pa th  be fo re  

becoming opaque i n  t h e  reg ion  of t he  t ryptophan peak a t  279 mp. This 

concen t r a t ion  w a s  about one-fourth t h a t  p rev ious ly  used i n  t h e  e l e c t r o -  

chemical cel l .  I n  a l l  cases t h e  s o l u t i o n  contained pyrophosphate bu f fe r  

t o  provide a pH of 8 . 3 .  

A t y p i c a l  spectrum f o r  t h i s  system i s  given i n  F igure  8 whi le  

t h e  c a l i b r a t i o n  curves a t  several wavelengths are given i n  F igure  9 .  The 

curves  f o r  the  d i f f e r e n c e  m a x i m a  observed a t  305 m p  and 234 inp show good 

l i n e a r i t y  over t h e  reg ion  inves t iga t ed .  

would probably be unsu i t ab le  f o r  a n a l y t i c a l  purposes.  

The curve obta ined  a t  265 up 

Figure  10 shows t h e  use of t h i s  a n a l y t i c a l  method i n  a s tudy  

of t h e  rate of amino a c i d  oxidat ion i n  a s toppered Cary cuve€te  a t  pH 8.3 

by DAO. 

of 20 minutes.  On t h e  o the r  hand, t y r o s i n e  and phenylalanine d id  not 

conform t o  simple k i n e t i c s  under these  circumstances.  

A l i n e a r  curve f o r  product formation w a s  found dur ing  a per iod 

An i n v e s t i g a t i o n  of t he  accuracy a t t a i n a b l e  w i t h  t h i s  a n a l y t i c a l  

method was  c a r r i e d  out by determining t h e  indo le  pyruvic  a c i d  conten t  of 

a known s o l u t i o n  and comparing the "found" and "added" amounts. Tryptophan 

-23- 
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A. TRYPTOPHAN B. TYROSINE 

SAMPLE REF SAMPLE REF 
CELL CELL CELL CELL 

AMINO A C I W  2 .0  ml 2.0 m l  3.0 m l  3.0 ml 

BUFFER 0.5 0.5 0 0 

DAO 0.5 0 0.5 0 
(ca 0.05 mg/ml)  

WATER 0 0.5 0 0.5 

jrTRYPTQPHAN AND TYROSINE @ 0.002 M: PHENYLALANINE AT 0.02 M 

c. PHENYLALANINE 

SAMPLE REF 
C E U  CELL 

2.0 m l  2.0 m l  

0.5 0.5 

0.5 0 

0 0.5 

---I 

0 10 20 - 

A 

1 

TIME (MINUTES) 

R02647 

FIGURE 10. OXIDATION OF AROMATIC AMINO ACIDS BY D-AMINO 
ACID OXIDASE 

- 25-  



8 
t 
I 

E 
P 
B 
0 
a 
a 

1 
# 
8 

s o l u t i o n s  were introduced i n t o  the  e lec t rochemica l  c e l l  w i th  and without  

enzyme (0.005 M t ryptophan,  1.0 m l  of p u r i f i e d  DAO). Al iquots  of t h e  

c e l l  s o l u t i o n  were then withdrawn and rep laced  w i t h  s i m i l a r  po r t ions  of 

0.005 M IPA. A n i t rogen  atmosphere w a s  maintained at a l l  times over t h e  

s o l u t i o n s  and t h e  s o l u t i o n s  were introduced and withdrawn wi th  sy r inges  

prev ious ly  f lushed  wi th  n i t rogen .  F i n a l l y ,  0.6 m l  of t h e  c e l l  s o l u t i o n  

w a s  t r a n s f e r r e d  t o  a cuve t t e  v i a  syr inge  and scanned i n  the u l t r a - v i o l e t  

reg ion ,  as above, using a 1 mm l i g h t  path.  The spacer  which w a s  used t o  

g i v e  t h e  s h o r t  pa th  a l s o  served t h e  purpose of g r e a t l y  reducing t h e  area 

of t h e  a i r - s o l u t i o n  i n t e r f a c e  thus minimizing inc rease  i n  IPA due t o  

enzymatic oxida t ion  of tryptophane during t h e  s h o r t  scanning per iod.  

Di f fe rences  found between added and found va lues  are shown i n  

Table 2. The de termina t ion  a t  concentrat ions i n  the range of 0.0002 M 

and higher  appears  a t  t h i s  t i m e  t o  be reasonably r e l i a b l e  f o r  t h e  pur- 

poses intended.  

An example of t he  app l i ca t ion  of t h i s  a n a l y t i c a l  procedure t o  

an a c t u a l  e lec t rochemica l  r u n  i s  i l l u s t r a t e d  i n  F igure  11. 

DAO and c a t a l a s e  ( t h e  la t ter  being added t o  prevent  accumulation of hydro- 

gen peroxide and d e s t r u c t i o n  of t h e  IPA) are added t o  0.005 M tryptophan 

a t  t i m e  zero.  An a l i q u o t  w a s  taken immediately f o r  photometr ic  ana lys i s .  

Some t i m e  l a te r ,  under anaerobic  condi t ions ,  t h e  c i r c u i t  w a s  c losed  t o  draw 

c u r r e n t  a t  t h e  r e g u l a r  e l e c t r o d e  p o t e n t i a l  of 0.200 v . ( v s  SCE). A t  t h i s  

t i m e  a second spectrophotometr ic  sample w a s  t aken  and sampling subsequent ly  

cont inued a t  i n t e r v a l s  dur ing  t h e  remainder of t h e  run.  Apparent IPA 

had reached about 0.0001 M a t  t h e  beginning of t h e  d ischarge .  

c i r c u i t  w a s  opened once during the  anaerobic  phase and then  c losed  t h e  

cu r ren t  showed a s h o r t  surge  above t h e  previous c u r r e n t  a l though the  

apparent  IPA concent ra t ion  had not changed dur ing  t h e  in te r im.  Upon 

opening t h e  system t o  a i r ,  the  current  immediately r o s e  and IPA a l s o  r o s e  

commensurately. Following in t roduct ion  of n i t r o g e n  once more, t he  c u r r e n t  

remained cons tan t  a l though the  IPA va lues  increased  s l i g h t l y  f o r  a wh i l e ,  

I n  t h i s  case, 

When t h e  
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presumably due t o  r e s i d u a l  oxygen i n  t h e  system. Almost d i r e c t  l i n e a r  

r e l a t i o n  between IPA concentrat ion and c u r r e n t  appears  t o  e x i s t  i n  t h e  

lower reg ions  of concent ra t ion  under aerobic  condi t ions .  A t  h igher  va lues ,  

the cu r ren t  f a l l s  off  i n  r e l a t i o n  t o  t o t a l  IPA. I n  t h e  anaerobic  phase,  

where IPA i s  i n  very  l o w  concent ra t ion ,  t h e  va lue  found i s  probably con- 

s i d e r a b l y  higher  than  t h a t  a c t u a l l y  i n  the  c e l l  s i n c e ,  i n  t h e  manipula- 

t i o n s  involved i n  t r a n s f e r r i n g  samples from c e l l  t o  c u v e t t e  a s h o r t  per iod 

of con tac t  w i t h  a i r  occurs  a l l m i n g  f o r  sane rap id  oxida t ion .  This could 

probably be avoided by maintaining a n i t r o g e n  atmosphere Over the  cuve t t e  

dur ing  such manipulat ions.  

TABLE 2 

COMPARISON OF ADDED IPA AND FOUND IPA 
DETERMINED BY SPECTROPHOTOMETRIC ANALYSIS 

n 

IPA Concentrat ions (M x lo5) 
Current  Dens i t i e s  

2 Calcu la ted  from Spectrophotometr ical ly  
added IPA determined U / c m  ) 

+ Enzyme Minus Enzyme + Enzyme Minus Enzyme 

0 0.02 0.01 3.7 

0.25 0.25 0.20 13 10 

- 

0.84 0.76 0.70 30 2 1  

4 .3  ELECTROCHEMICAL ACTIVITY OF THE TRYPTOPHANE-DAO SYSTEM 

Anodic chronopotentiograms of ~ x I O - ~ M  t ryptophan i n  0.1M sodium 

pyrophosphate ( N a  P 0 ) buf fe r  so lu t ion  of pH 8.3 were obtained f o r  

v a r i o u s  c u r r e n t s  ranging from 20 t o  100 pa. Typical  curves  i l l u s t r a t e d  

i n  F igu re  12 show that t h e  p o t e n t i a l  h a l t s  are e s s e n t i a l l y  independent 

of whether o r  not t h e  s o l u t i o n  i s  s t i r r e d  during t h e  record ing  of t h e  

chronopotentiograms. Anson and Schultz (4 )  r epor t ed  t h a t  t he  t r a n s i t i o n  

t i m e  f o r  t h e  oxida t ion  of o x a l i c  ac id  a t  the  platinum e l e c t r o d e  w a s  

independent of s t i r r i n g  in  buffered s o l u t i o n  above pH 3. They were a b l e  

4 2 7  
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t o  account f o r  t h i s  behavior on the b a s i s  of an  oxa l i c  a c i d  adsorp t ion  

mechanism and on the  f a c t  t h a t  extensive ox ida t ion  of plat inum occurs  a t  

pH va lues  above 3. It i s  p l aus ib l e  t h a t  an adsorp t ion  mechanism i s  a l s o  

involved i n  t h e  ox ida t ion  of tryptophan. 

of t ryptophan w a s  der ived  from the p l o t  of iT' vs i (Figure 13). 

ing  t o  t h e  d i a g n o s t i c  c r i t e r i o n  developed by Reinmuth (5) a p o s i t i v e  

s lope  i n  t h i s  p l o t  p r e d i c t s  t h a t  t he  r e a c t i o n  scheme involves  an adsorp- 

t i o n  process .  

Fu r the r  support  of t he  adsorp t ion  mechanism i n  t h e  ox ida t ion  

Accord- 

The absence of a p o t e n t i a l  a r r e s t  i n  Curve 3 (Figure 12) reveals 

t h a t  n o  apprec iab le  ox ida t ion  of tryptophan occurs  on t h e  "reduced" 

e l e c t r o d e .  It i s  apparent from t h i s  observa t ion  t h a t  adsorbed ox ida t ion  

products  from t h e  previous experimental  run i n h i b i t  t h e  oxida t ion  of 

t ryptophan i n  success ive  runs.  S i m i l a r  behavior  w a s  observed on a 

"reduced" e l e c t r o d e  w i t h  tryptophan i n  s u l f u r i c  a c i d  (pH=O) . 
M indole-3-pyruvic a c i d  (IPA) -3 The oxida t ion  behavior of 5x10 

4 2 7  i n  0.1M Na P 0 b u f f e r  s o l u t i o n  was examined chronopotentiometrically, 

us ing  a "clean" e l e c t r o d e .  The oxidat ion wave w a s  found t o  occur at 

= 0.61  t o  0.63 v o l t s  vs SCE. Trans i t i on  t i m e s  w e r e  determined f o r  
ET /4 L 
a range of c u r r e n t s  (25 t o  60 pa) i n  an u n s t i r r e d  s o l u t i o n .  

va lues  are t a b u l a t e d  i n  Table 3. 

i n d i c a t e s  t h a t  t h e  oxida t ion  process is d i f f u s i o n a l l y  con t ro l l ed .  Since 

t h e  iT va lue  w a s  found t o  be a constant  f o r  t h e  ox ida t ion  of IPA,  i t  w a s  

of i n t e r e s t  t o  determine whether the  e lec t rochemica l  process  w a s  r e v e r s i b l e  

or  i r r e v e r s i b l e .  D i s t i n c t i o n  (6) between t h e  two processes  can be made 

by p l o t t i n g  log 

y i e l d s  a s t r a i g h t  t i n e ,  then t h e  process i s  r e v e r s i b l e .  

s i b l e  process  t h e  second graph w i l l  g ive  a s t r a i g h t  l i n e .  

curves  obtained wi th  IPA w e r e  t r e a t e d  accord ing  t o  t h e  two methods but  

f a i l e d  t o  show a s t r a i g h t  l i n e  r e l a t i o n s h i p  in  e i t h e r  case .  Thus, i t  i s  

not  poss ib l e  t o  conclude as t o  the n a t u r e  of t h e  e l e c t r o d e  process .  

The iT2 

The constancy of iT' va lues  (wi th in  5%) 

5 

) . ? -  
vs  E and log [l- (% "1 v s  E .  I f  t h e  f i r s t  graph T *-t 

3 
For an  irrever- 

Po ten t i a l - t ime  
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i ,pa - 
25 
30 
35 
40 
50 
60 

TABLE 3 

CHRONOPOTENTIOMETRY OF INDOIE-3-PYRUVIC A C I D  

7, sec . iT'5 ,pa-sec -3 . 
16 7 324 
134 348 
89 328 
74.4 346 
51.6 360 
28.8 

It i s  a l s o  of i n t e r e s t  t o  determine whether or  no t  poisoning of 

t h e  e l ec t rode  r e s u l t s  from oxida t ion  of IPA,  as w a s  r epor t ed  previous ly  

t o  be t h e  case f o r  t ryptophane.  This i s  shown by t h e  chronopotentiograms 

of F igu re  14. Two cases  are shown i n  each of which a run  c a r r i e d  out on 

a"c1ean"electrode i s  followed by a second run, t h e  e l e c t r o d e  being merely 

"reduced" i n  between. Disappearance of t h e  p o t e n t i a l  h a l t  shows t h a t  

poisoning occurs  as a consequence of the  f i r s t  ox ida t ion  run i n  both 

cases .  It w a s  found he re ,  and a l s o  wi th  t ryptophane,  t h a t  poisoning does 

not  occur i f  p o t e n t i a l s  i n  t h e  i n i t i a l  run  w i t h  t h e  "clean" e l e c t r o d e  do 

not  a t  any t i m e  exceed va lues  of about 0.9 v o l t s  v s  SCE. 

I n  a s t i r r e d  s o l u t i o n  of IPA, an ox ida t ion  wave w a s  observed 

a t  0 . 1 2 ~  f o r  a cur ren t -va lue  of 50 /.la. In  t h e  s i x t h  monthly progress  

r e p o r t  i t  w a s  suggested t h a t  t h i s  o x i d a t i m  wave w a s  due t o  i m p u r i t i e s  

present  i n  t h e  a c i d .  However, as w i l l  be d iscussed  i n  a fol lowing s e c t i o n ,  

t h e r e  i s  reason t o  b e l i e v e  t h a t  when d isso lved  i n  b u f f e r  s o l u t i o n ,  IPA 

c o n s i s t s  of an equi l ibr ium mixture  of two tautomeric  forms corresponding 

probably t o  t h e  eno l  and ke to  s t r u c t u r e s .  It w a s  e s t a b l i s h e d ,  moreover, 

that t h e  absorbancy a sc r ibed  t o  the eno l  s t r u c t u r e  decreased p rogres s ive ly  

w i t h  t i m e .  It i s  conceivable  t h a t  t h e  p o t e n t i a l  h a l t  found a t  0 . 1 2 ~  may 

be due t o  t h e  p r e f e r e n t i a l  oxidat ion of one of t h e  tautomeric  forms. To 

examine t h i s  p o s s i b i l i t y ,  chronopotentiometric measurements were taken on 
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a f r e s h l y  prepared s o l u t i o n .  

record ing  of t he  chronopotentiograms. Curves 1-3 i n  F igure  15 shaw t h e  

t y p i c a l  behavior  of t h e  p o t e n t i a l  arrest w i t h  t i m e  e lapsed  a f t e r  i n i t i a l  

d i s s o l u t i o n  of the a c i d .  The f a c t  t h a t  t h e  p o t e n t i a l  arEest decreases  

w i t h  time s t r o n g l y  sugges ts  t h a t  t h e  f i r s t  ox ida t ion  wave i s  due t o  t h e  

e n o l  form and n o t  t o  impur i t i e s  i n  the  ac id .  

The chronopotentiograms of D-tryptophan - D-amino a c i d  oxidase 

The s o l u t i o n  w a s  u n s t i r r e d  dur ing  t h e  

system i n  b u f f e r  s o l u t i o n  are shown i n  F igures  16 and 17. Displacement 

of t h e  curves  i s  imposed e l e c t r o n i c a l l y  and does not  r ep resen t  a d i f f e r -  

ence i n  the  r e s p e c t i v e  potentiograms. The s i m i l a r i t y  i n  form of Curves 

1-4 i n d i c a t e s  that t h e  reduced enzyme oxidat iondces not  occur a t  t h e  

e l e c t r o d e .  With the  a d d i t i o n  of an in te rmedia te  e l e c t r o n  acceptor  f o r  

the enzyme, i n  t h i s  case oxygen, the  b io-e lec t rochemica l  r e a c t i o n  i s  

g r e a t l y  enhanced as shown by Curves 5 and 6 i n  F igures  16 and 17. It 

appears  from t h e s e  s t u d i e s  t h a t  e i t h e r  t h e  reduced enzyme does no t  become 

oxidized a t  t h e  e l e c t r o d e ,  o r  i f  it does much higher  enzyme concentra- 

t i o n s  than  those  used i n  t h e  present  i n v e s t i g a t i o n  would be r equ i r ed  t o  

produce measurable cu r ren t  from such oxida t ion .  

4 .4  IDENTIFICATION OF ELECTROCHEMICAL OXIDATION 
PRODUCTS I N  THE TRYPTOPHANE-DAO SYSTEM 

I d e n t i f i c a t i o n  of products of t h e  e lec t rochemica l  r e a c t i o n  are 

complicated bo th  by the  s m a l l  amount of material  involved i n  t h e  i d e n t i -  

f i c a t i o n  and t h e  p r o b a b i l i t y  t h a t  both t h e  r e a c t a n t  and product  w i l l  be 

ox id i zab le  by a i r .  Consequently, i n  order  t o  obta in  anything resembling 

t h e  q u a n t i f i c a t i o n  needed f o r  energy and material  balance s t u d i e s ,  t h e  

i d e n t i f i c a t i o n s  and measurements, up through t h e  s t a g e  of s e p a r a t i o n  of 

a l l  t h e  components, would have t o  b e  completely anaerobic .  

Therefore ,  i t  appeared tha t  t h e  bes t  p o s s i b i l i t y  f o r  ob ta in ing  

r a p i d  sepa ra t ion  of the r e a c t i o n  s u b s t r a t e s  and products  under c o n t r o l l e d  

cond i t ions  i s  o f fe red  by an a n a l y t i c a l  method based on zone e l e c t r o p h o r e s i s  

-34-  



I 
8 
8 
I 
I 
1 
8 
8 
8 

-35- 

N 
v1 
9 

d 
8 



1.0 

0.8 

0.6  

h 

;3 
9 
cl 

W 

w 0.4 
u co 

s 
W 

0.2 

0 

-0.2 

R 0 2 6 5 3  

CURVE 1. 5 x I O - 3 ~  D-TRYPTOPHAN ONLY, UNSTIRRED SOLUTION 
5 X lo'% D-TRYPTOPHAN ONLY, S T I R R E D  SOLUTION 
1 MLD-AMINO OXIDASE ADDED T O  25 ML OF 5 x lo'% 
TRYPTOPHAN SOLUTIONy UNSTIRRED bOT.IJTION 
1 ML D-AMINO OXIDASE ADDED TO 25 ML OF 5 x 1 0 - 3 ~  

CURVE 2. 
CURVE 3. 

CURVE 4. 
TRYPTOPHAN SOLUTION, S T I R R E D  SOLUTION 
1 MLD-AMINO OXIDASE ADDED T O  25 ML OF 5 X lo'% 
TRYPTOPHAN SOLUTION, SOLUTION EYZ'OSED TO ATMOSPHERE, S T I R R E D  SOLUTION 

CURVE 5 .  

FIGURE 16. CHRONOPOTENTIOGRAM OF D -TRYPTOPHAN - D -AMINO ACID OXIDASE 
IN 0.1M Na4P207 BUFFER SOLUTION, 20pa 

-36- 



\D 

0 

f 
L' 
W 
v) 

-37 - 

9 
0 
I 

W 
2 n 
H 
X 
0 

I- 
d 



Some s t u d i e s  have been completed on t h e  condi t ions  requi red  f o r  s epa ra t ion  

of t ryptophane,  IPA and aerobic  oxidat ion products of IPA e l e c t r o p h o r e t i c a l l y .  

I n  t h e s e  s t u d i e s  t h e  t e s t  material w a s  absorbed onto 0.5 c m  s t r i p s  

of Whatman 3MM paper and i n s e r t e d  i n t o  a s i m i l a r  area cut  out from t h e  

s t r i p s  soaked i n  b u f f e r  on t h e  e l ec t rophores i s  bed. E lec t rophores i s  w a s  

cont inued  a t  500 v o l t s  during 2% hours and then t h e  s t r i p s  were c u t  i n t o  

1 cm p ieces  f o r  a n a l y s i s .  The shor t  c u t  p i eces  were placed i n  tubes  con- 

t a i n i n g  3 m l  of 0.1 M pyrophosphate b u f f e r  a t  pH=8.3, shaken w i t h  a Vortex 

Mixer f o r  30 seconds and allowed t o  s tand  u n t i l  t i m e  f o r  spectrophotometr ic  

a n a l y s i s .  The s o l u t i o n s  w e r e  f i l t e r e d  through a s m a l l  g l a s s  wool plug 

d i r e c t l y  i n t o  d ry ,  1 cm, s i l i c a  cuvet tes  and examined i n  t h e  reg ion  of 

340 t o  220 mu i n  t h e  spectrophotometer.  Materials compared were 1) 

tryptophane,  2) IPA, and 3) IPA in pyrophosphate b u f f e r  s o l u t i o n  a f t e r  

having been allowed t o  s t and  one week i n  a i r .  Runs were c a r r i e d  out a t  

d i f f e r e n t  pH va lues  using b u f f e r s  M / 1 5  a c e t a t e ,  pH4.5 and M/15 phosphate,  

pH 7.0.  

Tryptophan w a s  mainly located i n  t h e  f i r s t  c m  toward t h e  nega t ive  

pole  i n  both b u f f e r s .  The IPA, on t h e  o t h e r  hand appeared t o  be mainly i n  

the  0.5 t o  1.0 c m  range on t h e  p o s i t i v e  s i d e .  However, IPA a l s o  s h w e d  

o the r  components, one moving as  f a r  as t h e  1.5 t o  2.0 cm segment and the  

o t h e r  i n  t h e  same area as tryptophane. 

had an absorp t ion  spectrum v e r y  similar t o  t h a t  of IPA but  t h e  o t h e r ,  t h e  

nega t ive  component, had a spectrum more ak in  t o  t h a t  of t h e  oxid ized  s o l u t i o n  

of IPA. 

The f a s t  moving IPA component 

Assay of t he  quan t i ty  of material a s soc ia t ed  w i t h  t h e  sepa ra t ed  
14 f r a c t i o n  w i l l  be  by r a d i o - t r a c e r  methods. This involves  t h e  use  of C 

l abe led  t ryptophane as a s u b s t r a t e  i n  t h e  e lec t rochemica l  c e l l .  For  t h i s  

purpose t h e  s p e c i a l  c e l l ,  previously d iscussed  and shown i n  F igure  1 , w i l l  

be used. It should permit t he  use of a minimum amount of r a d i o a c t i v e  

material and g i v e  a maximum conversion t o  oxidized product per u n i t  of 

volume . 
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4.5 DISCUSSION OF RESULTS ON THE AMINO ACID OXIDASE SYSTEN 

The foregoing  r e s u l t s  provide s t rong  evidence t h a t  i n  t h e  aerobic  

tryptophane-DA0 system, the  oxidat ion product indole  pyruvic  a c i d  (IPA) 

i s  e lec t rochemica l ly  a c t i v e  and i s  t he  spec ie s  p r imar i ly  r e spons ib l e  f o r  

t h e  b i o - e l e c t r i c i t y  generated by t h i s  system. During t h e  course of t h e s e  

s t u d i e s  however, observa t ions  accumulated, such as t h a t  mentioned i n  

Sec t ion  4 . 1  and shown i n  F igure  6 ,  which suggested t h a t  more than one 

form of IPA e x i s t e d  i n  s o l u t i o n  and t h a t  t h e s e  forms might no t  have t h e  

same e l ec t rochemica l  r e a c t i v i t y .  Among such observa t ions  were: slow 

changes i n  absorp t ion  s p e c t r a  during the  per iod immediately a f t e r  so lu-  

t i o n ;  i n c o n s i s t e n c i e s  between some of t h e  curves found f o r  IPA formed by 

DAO from tryptophan and those  obtained f o r  commercial IPA;  r a p i d  changes 

i n  cu r ren t  immediately fol lowing s o l u t i o n  of I P A  i n  t h e  e lec t rochemica l  

c e l l ;  d i f f e r e n c e s  i n  c u r r e n t s  found wi th  f r e s h l y  prepared and aged IPA 

s o l u t i o n s ;  a v a r i a b l e  low vo l t age  p o t e n t i a l  h a l t  i n  chronopotent iometr ic  

measurements. Accordingly,  a c a r e f u l  s tudy of t h e  probable  spec ie s  

e x i s t i n g  i n  s o l u t i o n  w a s  undertaken w i t h  spectrophotometr ic  examination 

providing t h e  main t o o l .  

When IPA i s  d isso lved  in  the  usua l  b u f f e r  used i n  t h e  e l e c t r o -  

chemical i n v e s t i g a t i o n s  of DAO ac t ion  (pyrophosphate, 0 .1  M y  pH 8.3) and 

u l t r a v i o l e t  absorp t ion  spec t r a  analyses made as soon as p o s s i b l e  a f t e r  

a d d i t i o n  of t h e  s o l i d  IPA t o  t h e  bu f fe r ,  r e s u l t s  such as those  i n  F igure  

18 may be demonstrated. 

n i t r o g e n  atmosphere, t o  a thoroughly deaera ted  b u f f e r  (10 m l )  , d i s so lved  

r a p i d l y  and then  t r a n s f e r r e d ,  s t i l l  under n i t r o g e n  f l u s h i n g ,  i n t o  t h e  

s toppered cuve t t e .  A s  i s  shown, rapid changes i n  absorp t ion  occurred. 

I n  the  f i r s t  scan ,  a t  two minutes fol lowing a d d i t i o n  of t h e  s o l i d  t o  t h e  

b u f f e r ,  high absorp t ion  i s  found for  a peak a t  306 p u  but t h i s  decreases  

i n  a per iod  of 40 minutes t o  a small shoulder  on t h e  s i d e  of a peak w i t h  

maximum at  280 Vu. Fur the r  decreases occur w i t h  t i m e  and t h e  evidence 

shows c l e a r l y  t h a t  less than  10 percent of t h e  form which i n i t i a l l y  gave 

Here, IPA (about 0.5 mg) w a s  added, under a 
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t h e  h igh ly  absorbent peak i s  remaining a t  t h e  la ter  s t ages .  

curves  w e r e  obtained i n  water except t h a t  t h e  changes d i d  no t  occur as 

r a p  i d l y  . 

Simi lar  

F igure  19 g ives  t h e  W spec t r a  f o r  IPA disso lved  i n  methanol, 

a c i d  and a l k a l i .  These curves were obta ined  by d i s so lv ing  24.2 mg of IPA 

i n  10 m l  anhydrous methanol, then adding 0.020 m l  of t h i s  s o l u t i o n  t o  

3 m l  of t h e  appropr i a t e  so lvent  i n  t h e  c u v e t t e ,  us ing  a micrometer b u r e t t e  

f o r  measuring. I n  methanol l i t t l e  o r  no change occurred over a very  long 

per iod of t i m e ,  i n d i c a t i n g  t h a t  the form giv ing  r ise t o  the  peak a t  322 m p  
i s  q u i t e  s t a b l e  i n  methanol. 

and diminishes  ve ry  slowly wi th  t i m e ,  i n d i c a t i n g  t h a t  t h e  a c i d  c a t a l y z e s  

a change t o  a form which does not  show t h i s  absorp t ion .  

peak disappeared except f o r  a shoulder  a t  306 mp but  l i t t l e  o r  no change 

occurred i n  t h e  peak a t  272 m p i n d i c a t i n g  s t a b i l i t y  i n  the chromophore 

g iv ing  r ise t o  t h i s  absorp t ion .  Addition of s u f f i c i e n t  a c i d  t o  the 

a l k a l i n e  s o l u t i o n  caused p a r t i a l  regenera t ion  of t h e  long wave-length peak. 

In 1.0 M H C 1 ,  t he  peak is  s h i f t e d  t o  327 m p  

I n  NaOH, t h i s  

The IPA concent ra t ion  versus  c e l l  c u r r e n t  s t anda rd iza t ion  curves 

a l s o  add evidence i n  favor  of a change i n  IPA s t r u c t u r e  fol lowing s o l u t i o n  

i n  bu f fe r .  

t he  s a m e  l i n e a r  curve found f o r  pred isso lved ,  presumably e q u i l i b r a t e d ,  IPA. 

This  i s  shown by t h e  two s lopes  exhib i ted  by the  curve of F igu re  6 ,  pre- 

v i o u s l y  d iscussed  i n  Sect ion 4.1.  

a l s o  be used t o  expla in  the  r a the r  s t e e p  i n i t i a l  drop i n  c u r r e n t  found 

w i t h  IPA upon i n i t i a l  s o l u t i o n  i n  t h e  b u f f e r  of t h e  c e l l .  

found e a r l y  i n  the  i n v e s t i g a t i o n  of IPA a c t i v i t y  (Figure 2 0 )  were d i f f i -  

c u l t  t o  e x p l a i n  u n t i l  t h e  p o s s i b i l i t y  of s t r u c t u r a l  change w a s  proposed. 

Currents  obtained w i t h  f r e s h l y  d isso lved  IPA d id  n o t  fo l low 

S i m i l a r l y ,  a change i n  s t r u c t u r e  could 

These r e s u l t s ,  

The poss ib l e  t ransformation of t h e  IPA molecule which could lead  

t o  the observed behaviors ,  are 1) t h e  keto-enol  tautomerism, and 2) t h e  

ac id-base  equi l ibr ium of t h e  enol  form. The former of t hese  i s  be l ieved  

most probably t h e  one which explains  t h e  observed behavior ,  bu t  d a t a  

present. ly a v a i l a b l e  do not  exclude t h e  la t ter .  The keto-enol  i somer iza t ion ,  
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shown i n  F igure  21, would be a c i d  and hydroxyl ion  ca ta lyzed .  S t r u c t u r e s ,  

analogous t o  those  of IPA, i n  which t h e  s t a b i l i t y  of t h e  eno l  form i s  

g r e a t l y  s t a b i l i z e d  by formation of conjugated s t r u c t u r e s ,  are known t o  

exis t  i n  l a r g e  measure i n  t h e  enol ,  r a t h e r  than  t h e  k e t o  form i n  so lven t s  

of low p o l a r i t y  o r  i n  l i q u i d  o r  gaseous s t a t e  (7).  I n  t h e  case of IPA 

t h e  conjugat ion  of t h e  unsa tura ted  r i n g  wi th  the  e n o l  double bond and the  

carbonyl  of t h e  carboxyl  group would be expected t o  cause such s t a b i l i z a -  

tion. Thus, even i n  aqueous so lu t ion ,  a s i g n i f i c a n t  concent ra t ion  of t h e  

eno l  form i s  l i k e l y  t o  be present  a t  equi l ibr ium.  I n  b a s i c  s o l u t i o n ,  

conversion t o  t h e  e n o l a t e  (sal t  form) is a poss ib l e  explana t ion  f o r  d i s -  

appearance of t h e  eno l  peak a t  322 m p .  
Spectrophotometric s tud ie s  of keto-enol  tautomerism wi th  o the r  

materials have revea led  s p e c t r a l  s h i f t s  s i m i l a r  t o  t hose  observed here.  

For example, e t h y l  a c e t o a c e t a t e  i n  t h e  ke to  form shows only a weak 

abso rp t ion  band i n  t h e  near  UV a t  275 mp,  (molar a b s o r p t i v i t y ,  E ,  = 16) 

c h a r a c t e r i s t i c  of t h e  weak R-band absorp t ion  of t h e  i s o l a t e d  ke to  group. 

The eno l ,  however, shows a K-band s h i f t  t o  g ive  a s t r o n g  absorp t ion  a t  

244 mp,  (E *= 16000) (8), which may be a sc r ibed  t o  augmented absorp t ion  

from the conjugat ion  between the carbony of t h e  ester group and t h e  eno l  

double bond. 

S imi l a r ly ,  f o r  t h e  k e t o  form of cyclohexane-1,3-dione, a weak 

absorp t ion  a t  280 m p  (E=30) i s  found whi le  f o r  t h e  eno l  form t h e  maximum 

a t  255 mp i s  v e r y  s t r o n g  (E=16000). (9) 

I n  IPA, t h e  conjugated s t r u c t u r e  i n  t h e  e n o l  should g ive  rise 

t o  a r a t h e r  s t rong  absorp t ion  i n  the longer wavelengths.  A comparison of 

t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of IPA i n  methanol s o l u t i o n  w i t h  o the r  

3 - subs t i t u t ed  indo le s  i s  given i n  Table 4.  This i l l u s t r a t e s  t h e  h ighly  

e f f e c t i v e  conjugated s t r u c t u r e  which must be present  i n  o rde r  t o  s h i f t  t h e  

maximal wavelength s o  f a r  i n t o  the long wavelengths. 

has a more s i g n i f i c a n t  s h i f t  t o  longer wavelengths than  t h a t  found i n  

indo le  acetaldehyde,  probably because of t h e  d i r e c t  conjugat ion  of t h e  

Indole  carboxaldehyde 
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TABLE 4 

SPECTRAL CHARACTERISTICS OF INDOLE DERIVATIVES RELATED TO IPA 

* 
Compound Solvent 

Indo le EtOH 
R-H 

3(2-aminoethyl)-indole EtOH 
R- CH2 - CH2NH2 

3-allyl indole EtON 
R- CH=CH2 

Indo le-3- carbox- EtOH 
aldehyde 

3 0  2 R- CH3 

NaOH 

Indole- 3 -acet - EtOH 
aldehyde 
R-CH -CHO 2 

Indo le-3-pyruvat e MeOH 
R-CH2-CO-COOH 

3-(dimethylamino)- MeoH 
methylene indolinene acid 

R'=cH-N(cH~)~ 

3 - (met hy lamino) - 
methylene' indolinene 

R'=CH-NHCH3 acid 

Organic 

** 
X max 

222 
4.50 
222 
4.50 

220 
4.54 

- 
- 

- 

2 10 
4.4 
- 

222 
4.51 
- 

227 
4.26 
- 

2 15 
4.50 

220 
4.4 
2 10 
4.45 

- 

- 
- 

243 
4.07 

4.1 

P 

3/. c 
L-Cd - 

248 
4.1 
- 

** E = extinction coefficient 
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265 
3.82 

276 
3.70 

- 274 
3.8 

260 
4.00 
2 60 
4.1 

2 63 
4.2 

- 
- 

- 

- 

- 

280 
? 
- 

260 
4.25 
2 65 
4.1 

- 
- 

- 280 289 
3.75 3.65 

- 282 291 
3.72 3.65 

286 
3.72 
- 

296 
4.07 
300 
4.1 

- 
- 

323 
4.1 
- 

- 280 289 
3.78 3.70 

322 
4.22 
- 

338 
4.25 
- 

285 
4.1 
- 

325 
4.25 
- 



carbonyl  group wi th  the  r i n g  unsa tura t ion .  A p a r t  of t h i s  s h i f t  must 

be due t o  added s t r u c t u r a l  v a r i a t i o n s ,  however, s i n c e  3 - a l l y l  i ndo le  does 

not show t h e  same degree of s h i f t  found f o r  the  carboxaldehyde. In  a l l  

p r o b a b i l i t y ,  t h e  keto-enol  tautomerism i s  not  t h e  only e f f e c t  involved 

i n  t h e  IPA t r a n s i t i o n  s i n c e  t h e  presence of p o t e n t i a l  i o n i z i n g  groups 

such as t h e  carboxyl  and secondary amine group would have a profound 

in f luence  on the  s t r u c t u r e s  under i o n i z i n g  condi t ions .  Thus, t h e  poss- 

i b i l i t y  of charge s e p a r a t i o n  s t r u c t u r e s ,  g iv ing  double bond con juga t ion  

at t h e  n i t r o g e n  and t h e  3-methylene group should g ive  h igh  abso rp t ions  

a t  long wave lengths ,  as shown by t h e  indol inene d e r i v a t i v e s  i n  t h e  

t a b l e .  

On t h e  b a s i s  of t h e  foregoing cons ide ra t ions  i t  i s  concluded 

t h a t  t h e  spec ie s  respons ib le  f o r  e lec t rochemica l  a c t i v i t y  i n  t h e  

tryptophane-DA0 system i s  t h e  enol  form of indo le  pyruvic  ac id .  The 

chronopotent iometr ic  curves  ind ica t e  t h a t  t h i s  spec ie s  i s  r e a d i l y  oxidized 

a t  a p o t e n t i a l  of about 0-0.2 v o l t s  vs SCE, thereby  having t h e  c a p a b i l i t y  

of providing a p o t e n t i a l  of about 0.6-0.8 v o l t s  v s  an oxygen e l e c t r o d e  

i n  a p r a c t i c a l  b i o  f u e l  c e l l .  Unfortunately t h i s  s p e c i e s  does not  pre- 

dominate a t  equi l ibr ium and t h e  preponderate k e t o  form i s  appa ren t ly  no 

mor e r e a d i l y  oxidized than tryptophane it s e l f .  

These conclusions mean t h a t  t he  c u r r e n t s  ob ta ined  from t h i s  

system i n  t h e  e lec t rochemica l  ce l l  a t  a p o t e n t i a l  of 0.2 v o l t s  are due 

t o  t h e  s m a l l  equi l ibr ium concentrat ion of t h i s  eno l  form, and make i t  

c l e a r  why t h i s  c u r r e n t ,  as i t  w a s  found t o  be ,  i s  s t r o n g l y  dependent upon 

s t i r r i n g  ra te .  It i s  n o t  known whether t h e  ke to  o r  t h e  eno l  form of IPA 

i s  f i r s t  formed as a r e s u l t  of the  enzyme a c t i o n  on t ryptophane.  I f  t h e  

l a t t e r ,  however, then  i t  i s  c l e a r  t h a t  advantage i s  t o  b e  gained from a 

c e l l  conf igu ra t ion  which provides maximum oppor tuni ty  f o r  t h e  IPA t o  be 

oxid ized  a t  t h e  e l e c t r o d e  su r face  d i r e c t l y  as it  i s  formed. Such a con- 

f i g u r a t i o n  i s  c l e a r l y  t h a t  i n  which t h e  b i o l o g i c a l  agent i s  confined i n  

t h e  v i c i n i t y  of t h e  e l ec t rode  sur face .  It i s  q u i t e  p o s s i b l e  t h a t  a 
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s i t u a t i o n  such as t h i s  is respons ib le  f o r  r epor t ed  observa t ion  of 

improved performance by b ioe lec t rodes  i n  which t h e  b a c t e r i a l  agent w a s  

coa ted  onto t h e  e l e c t r o d e  su r face .  

It i s  be l i eved  t h a t  considerable  importance should be a t t ached  

t o  t h e  observa t ions ,  discussed i n  t h e  foregoing,  t h a t  e l ec t rode  su r faces  

can be  poisoned by t h e  ox ida t ion  produced from b i o l o g i c a l  systems and 

become i n a c t i v e  f o r  f u r t h e r  genera t ion  of b i o - e l e c t r i c i t y .  

show t h a t  once such poisoning has  occurred,  t h e  e l e c t r o d e  can be  reacti-  

va t ed  e i t h e r  by chemical c leaning  o r  by prolong e lec t rochemica l  reduct ion .  

This  f a c t  may be r e spons ib l e  f o r  some of t h e  d i s p a r i t y  between observa- 

t i o n s  on bio-electrochemical  a c t i v i t y  r epor t ed  by va r ious  workers i n  t h i s  

f i e l d .  

The r e s u l t s  



SECTION 5 

CHARACTERIZATION OF THE UREA-UREASE SYSTEM 

The a c t i o n  of urease  on urea  c o n s i s t s  s o l e l y  of hydro lys is  

according t o  the  fol lowing general  r eac t ion :  

urease  NH 
2>C=0 + H20 > 2NH3 + co2 

"2 

Although t h i s  i s  accompanied by a s u b s t a n t i a l  energy r e l e a s e ,  it i s  d i f f i -  

c u l t  t o  envis ion  haw i t  can be harnessed t o  an e l e c t r o d e  process .  

The d e t a i l e d  mechanism of t h e  hydro lys is  has not been e n t i r e l y  

s e t t l e d .  However, it i s  probably a two s t e p  process ,  going through a 

s e r i e s  of bond exchanges of t he  type  

-0"- - HOH 
- 2  

-EnH 
R-NH2 + En-H R: + R-En + NH3 

/ .En-HOH 

R-En + HOH R' ROH + En-H 

"OH 
\ . 

i n  which a l l  except t h e  f i n a l  s t e p ,  s p l i t t i n g  of t h e  enzyme-substrate 

in te rmedia te  are h ighly  r e v e r s i b l e .  This process  goes through t h e  forma- 

t i o n  of an in te rmedia te  carbamide (10) which i s  subsequent ly  hydrolysed 

t o  t h e  f i n a l  products  of NH and C02. It fol lows t h a t  f o r  e lec t rochemica l  3 
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a c t i v i t y  t o  be poss ib l e  one o r  more of t h e s e  in te rmedia te  o r  f i n a l  

r e a c t i o n  products  must undergo oxidat ion a t  t h e  e l e c t r o d e .  It would be 

of cons iderable  i n t e r e s t  t o  determine i f  t h i s  a c t u a l l y  does occur ,  and 

i f  so,  which spec ie s  are involved. 

Ear ly  s t u d i e s  on t h e  urea-urease system a t  Aeronutronic ind ica t ed  

t h a t  it possessed s i g n i f i c a n t  e l e c t r i c a l  a c t i v i t y  which could no t  be 

a t t r i b u t e d  t o  e i t h e r  t h e  urea  o r  t he  urease  alone.  This i s  ind ica t ed  by 

t h e  two curves of F igure  22 which show t h e  e f f e c t  of adding, i n  t h e  one 

case u rea  t o  a urease  s o l u t i o n  i n  an e lec t rochemica l  c e l l ,  and i n  the  

o t h e r ,  add i t ion  of urease  t o  a urea so lu t ion .  It i s  noted t h a t  i n  bo th  

cases, cu r ren t  is n e g l i g i b l e  u n t i l  t he  second c o n s t i t u e n t  i s  added, a f t e r  

which it rises r a p i d l y  t o  a peak and then  decreases  a t  a gradual  rate 

over a f i f t y  minute per iod  of observat ion.  

a t  t h e  usua l  e l e c t r o d e  p o t e n t i a l  of 0.2 v o l t s  vs t h e  SCE and i n  a phos- 

pha te  b u f f e r  a t  pH of 6.5. 

These c u r r e n t s  were obta ined  

I n  subsequent i n v e s t i g a t i o n s ,  of a s i m i l a r  n a t u r e ,  s i g n i f i c a n t  

c u r r e n t s  were no t  obtained a t  t h e  p o t e n t i a l  of 0.2 v. but  w e r e  obtained 

a t  0.6 v and i n  a b u f f e r  made up of t r is  (hydroxymethyl) amino methane 

having a pH of 8.0. In  t h i s  ca se ,  a cu r ren t  w a s  obtained from both t h e  

enzyme and u rea  a lone ,  bu t  s i g n i f i c a n t l y  g r e a t e r  va lues  were obtained 

when both  were present  t oge the r .  The inc rease  appeared t o  de r ive  from 

the  hydro ly t i c  r e a c t i o n  between urease and urea .  These observa t ions  are 

shown on Figure  23. 

The enzyme used i n  t h e  foregoing observa t icns  w a s  a c r y s t a l l i n e  

p repa ra t ion  having a v e r y  high a c t i v i t y  of 11000 t o  13000 SU per  gm. When 

s i m i l a r  observa t ions  w e r e  made using a commercial u rease  p repa ra t ion  

having a much lower a c t i v i t y  350 SU per  gm., r e s u l t s  w e r e  ob ta ined  as 

shown i n  F igure  24. 

from t h e  enzyme a lone ,  bu t  a s i g n i f i c a n t  i nc rease  w a s  aga in  obtained upon 

a d d i t i o n  of urea .  

gave a s l i g h t l y  lower background cur ren t  bu t  a s i m i l a r  incrementa l  i nc rease  

Here a very  high background cu r ren t  w a s  ob ta ined  

U s e  of a sample of t h i s  enzyme p u r i f i e d  by d i a l y s i s  
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upon a d d i t i o n  of urea.  

conawrcial  enzyme i n  t h e  absence of urea  i s  shown by t h e  curves of F igure  

25 obta ined  w i t h  two d i f f e r e n t  buf fers  a t  pH of 6.5 and 8.0. The seven 

f o l d  inc rease  i n  i n i t i a l  cu r ren t  obtained upon changing pH from the  lower 

t o  t h e  higher  va lue  appears  t o  be q u i t e  s t r i k i n g .  

The e f f e c t  of pH on cu r ren t  obtained from t h e  

No s a t i s f a c t o r y  i n t e r p r e t a t i o n  of t hese  observa t ions  i s  

p resen t ly  a v a i l a b l e  and the  urea-urease system remains somewhat of an 

enigma. Seemingly, i n  a r e a c t i o n  system involving no formal  oxidat ion-  

reduct ion  processes ,  i t  is  possible  t o  o b t a i n  an e lec t rochemica l  r e a c t i o n  

r e l a t e d  i n  some way t o  the  hydro ly t ic  process .  The explana t ion  of t h e  

e f f e c t  most commonly advanced i s  t h a t  ammonia formed i n  the  hydro lys is  

i n  t h e  e l e c t r o a c t i v e  spec ie s .  

oxidized a t  an e l ec t rode .  I t s  behavior i n  t h e  urea-urease system i s  shown 

on Figure  22 where it i s  added t o  the system as NH C1 a t  the  two po in t s  

i nd ica t ed  wi th  no measurable e f f ec t  on t h e  e l e c t r i c a l  ou tput .  

However anrmonia i s  not  known t o  be r e a d i l y  

4 

F u r t h e r  s tudy of t he  urea-urease system is  planned w i t h  p a r t i c -  

u l a r  a t t e n t i o n  t o  t h e  poss ib l e  ro le  of impur i t i e s  i n  t h e  enzyme prepara- 

t i o n .  

I 
8 
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SECTION 6 

ELECTRODE COATING STUDIES 

6 . 1  EXPERIMENTAL STUDIES 

The p o t e n t i a l  va lue  of having organisms a t t ached  t o  o r  incor -  

porated i n  t h e  e l e c t r o d e s  must arise from one or  more of t h e s e  p o s s i b l e  

e f f e c t s :  1) s h o r t e r  d i f f u s i o n  paths between t h e  e l e c t r o d e  and t h e  bio-  

l o g i c a l  reactive s i te ;  2) poss ib l e  d i r e c t  i n t e r a c t i o n  between t h e  

organized s t r u c t u r e  of t h e  c e l l  and t h e  e l e c t r o d e ,  e i t h e r  i n  provid ing  

a d i r e c t  e l e c t r o n  t r a n s p o r t  from c e l l  i n t e r i o r  t o  t h e  e l e c t r o d e  o r  i n  

d i r e c t  r e a c t i o n  of an enzyme w i t h  t h e  e l e c t r o d e  su r face ;  3) p o t e n t i a l  

e f f e c t s  on a b a c t e r i a l  c e l l  o r  enzyme a r i s i n g  from t h e  h igh  p o t e n t i a l  

g r a d i e n t s  present  i n  t h e  e l e c t r i c a l  double l aye r .  The p o s s i b i l i t y  of 

d i r e c t e d  d i f f u s i o n a l  flow of s u b s t r a t e  o r  r e a c t i o n  in te rmedia tes  through 

t h e  b i o l o g i c a l  system as a consequence of such g rad ien t s  has been sug- 

gested.  

The k i n e t i c s  of t h e  f i r s t  case  may be s tud ied  w i t h  w e l l  

cha rac t e r i zed  enzyme systems by varying t h e  parameters of enzyme and 

s u b s t r a t e  concent ra t ion  as w e l l  as d i s t a n c e  of t h e  r e a c t i o n  from t h e  

e l e c t r o d e .  This may be accomplished, t o  a l imi t ed  degree,  by enc los ing ,  

or  imbedding, t h e  enzyme i n  a semipermeable material i n  t h e  v i c i n i t y  of 

t h e  e l ec t rode .  

I n  t h e  second case  t h e  ques t ion  of d i r e c t  r e a c t i o n  of the enzyme 
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a t  t h e  e l e c t r o d e  would i n i t i a l l y  involve a search  f o r  an  enzyme which 

a c t u a l l y  could be demonstrated t o  r e a c t  a t  t h e  e l e c t r o d e ,  and determina- 

t i o n  of t h e  condi t ions  whichwould promote such r eac t ion .  To a consider-  

a b l e  e x t e n t ,  the  work descr ibed  i n  t h i s  r epor t  on t h e  amino a c i d  oxidase- 

amino a c i d  system d e a l s  w i th  t h i s  problem. The ques t ion  of e l e c t r o n  con- 

duc t ion  from w i t h i n  a b a c t e r i a l  c e l l  i s  somewhat more d i f f i c u l t  concep- 

t u a l l y ,  but would probably involve demonstration t h a t  phys i ca l  con tac t  

between t h e  c e l l  and an e l ec t rode  su r face  has an  important bear ing  on 

e l e c t r o d e  c u r r e n t .  

The t h i r d  e f f e c t  has not been subjec ted  t o  ex tens ive  s tudy as 

y e t .  Here, t h e  use of model enzyme o r  c e l l  systems i s  a p o s s i b i l i t y .  

P o t e n t i a l  d i f f e r e n c e s  could be c rea ted  w i t h  the  use of double membranes, 

which provide an enzyme o r  c e l l  enc losure ,  and the  p o t e n t i a l s  of which 

could be i n d i v i d u a l l y  con t ro l l ed .  Lipoprotein emulsions o r  membranes 

might lend themselves t o  such a study of the p o t e n t i a l  g rad ien t  problem. 

Present  endeavors , summarized below, have been mainly l imi t ed  

t o  exp lo ra t ion  of the f i r s t  e f f e c t  i nd ica t ed  above, namely the  ques t ion  

of proximity t o  t h e  e l e c t r o d e  in  t e r m s  of d i f f u s i o n  pa th length  from t h e  

b i o l o g i c a l  u n i t  t o  t h e  e l ec t rode  su r face .  

A f i r s t  approximation t o  an enzyme on t h e  e l e c t r o d e  s u r f a c e  

can be achieved by the incorpora t ion  of t h e  enzyme i n t o  a f i x e d ,  permeable 

matrix on the  sur face .  I n i t i a l  experiments i n  t h i s  connect ion w e r e  per- 

f ormed by simply inco rpora t ing  the enzyme s o l u t i o n  i n t o  w a r m  agar -buf fer  

mixture ,  coa t ing  t h e  f l a t  e l ec t rode  wi th  a t h i n  l a y e r  of t h e  l i q u i d  agar  

by d ipping  and al lowing it t o  cool  and harden a f t e r  removing the  excess  

d r o p l e t .  Although such experiments w i t h  t h e  normal f l a t  e l e c t r o d e  w e r e  

reasonably success fu l ,  t he  adherence of t he  aga r  l aye r  w a s  r a t h e r  i r r e g u l a r  

and it would f r equen t ly  become p a r t i a l l y  detached dur ing  an experiment.  

Consequently, a modified e l ec t rode  w a s  devised c o n s i s t i n g  of a s p i r a l  of 

0.050" platinum w i r e .  This had a t o t a l  su r f ace  of 3.54 c m  ( ca l cu la t ed )  i n  

p l ace  of t h e  4.0 cm areaof t h e  f l a t  e l ec t rode .  T e s t s  of c u r r e n t s  ob ta ined  
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w i t h  t h e  DAO system ind ica t ed  tha t  t h e  s p i r a l  e l e c t r o d e  w a s  equiva len t  

t o  t h e  f l a t  e l e c t r o d e  i n  cu r ren t  c o l l e c t i o n  except t h a t  some d i f f e r e n c e s  

were noted under discont inuous operation. With t h e  f l a t  e l e c t r o d e s  , a 

normal small c u r r e n t  surge  gene ra l ly  occurred immediately fol lowing the  

resumption of t he  d ischarge  cycle  a f t e r  a rest per iod.  With t h e  s p i r a l  

e l e c t r o d e ,  t h i s  t r a n s i e n t  w a s  g r e a t l y  increased ,  c u r r e n t s  double t h e  

equi l ibr ium va lue  being obtained under some circumstances.  

I n  Table 5 are repor ted  some d a t a  obtained on t h e  e f f e c t  of 

aga r  coa t ing  wi th  t h i s  e l e c t r o d e  (similar r e s u l t s  were obta ined  w i t h  t h e  

f l a t  e l e c t r o d e ) .  When t h e  enzyme i s  present  only i n  t h e  agar  coa t ing  

but not i n  t h e  f r e e  s o l u t i o n  (Case A) t h e  enzyme concent ra t ion  i n  t h e  

reg ion  of t h e  e l e c t r o d e ,  i s  approximately seven t i m e s  g r e a t e r  than  t h a t  

zormally =sed with t h e  enzyme i n  f ree  s o l u t i o n  but  only about one- 

hundredth t h e  normal t o t a l  amount of enzyme is  used. A s  s h a m  i n  t h e  

t a b l e ,  t h e  coated e l e c t r o d e  i n  Case A d i d  not  support  any c u r r e n t  under 

anaerobic  cond i t ions  bu t  a s m a l l ,  s t a b l e  c u r r e n t  could be obta ined  i n  

t h e  presence of a i r .  It i s  a l s o  seen t h a t  t h e  low cu r ren t  i s  a s s o c i a t e d  

wi th  a low IPA va lue  found i n  the surrounding medium. When t h e  enzyme 

i s  present  i n  t h e  medium surrounding the  agar  coated e l e c t r o d e ,  but  no t  

i n  the  agar  (Case B) i t  w a s  poss ib le  t o  ob ta in  a c u r r e n t  under bo th  

cond i t ions ,  ae rob ic  as w e l l  a s  anaerobic and a much h ighe r  concent ra t ion  

of IPA i s  found i n  t h e  f r e e  so lu t ion .  Removal of t h e  aga r ,  however, 

(Case C) revea led  t h a t  t h i s  concent ra t ion  of IPA i n  s o l u t i o n  w a s  s u f f i c -  

i e n t  t o  support  a much g r e a t e r  cur ren t  on t h e  b a r e  e l e c t r o d e  than w a s  

obtained wi th  t h e  coated e l ec t rode .  

I n  the  above experiment, i t  is  unce r t a in  as t o  how much of t h e  

cu r ren t  reduct ion  i n  t h e  presence of agar  is due t o  s imple i n t e r f e r e n c e  

of d i f f u s i o n  of IPA through t h e  agar and how much might be due t o  o ther  

problems, such as making t h e  c o l l e c t o r  s u r f a c e  unavai lab le  by t h e  coa t ing  

o r  i n t e r f e r i n g  wi th  e l e c t r o d e  r eac t ion  mechanisms. To tes t  t h e  d i f f u s i o n  

p r o p e r t i e s  of t h e  system, an e l ec t rode  coated wi th  agar  con ta in ing  no 
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T A B U  5 

ENZYME INCORPORATION I N  AGAR COATINGS ON EIECTRODES 

Conditions:  

A: Enzyme i n  ap.ar. 0.5 m l  DAO, 0.02 m l  c a t a l a s e ,  0 .5  m l  P-P bu f fe r  i n  
1 m l  2% agar ,  17 mg. of mixture (equiva len t  of 0.005 m l  DAO) coated 
on c o i l  e l e c t r o d e  (3.54 cm t o t a l  sur face)  Tryptophane, 0.005M, i n  
P-P, pH 8 . 3  b u f f e r .  

B: Enzyme i n  f r e e  s o l u t i m ,  agar coated e l ec t rode .  Elec t rode  coated 
w i t h  17 mg agar  mixture  as above wi th  b u f f e r  r ep lac ing  enzyme. 
0.5 m l  DAO, O . l m l  c a t a l a s e  i n  t ryptophan-buffer  s o l u t i o n  used above. 

Cond i t ion  

A.  Enzyme i n  Agar 90 Unstable Unstable 0.05 N2 

A i r  85 240- 290 2.5 0 .1  

110 200 2.7 0 . 1  

A i r  200 6 -  20 1.4 

N2 B .  Enzyme i n  Solu t ion  
Elec t rode  Agar Coated - 

- 2 00 55 1.5 N2 C.  E lec t rode  Bare 

* Vo - open c i r c u i t  p o t e n t i a l  

V - c losed  c i r c u i t  p o t e n t i a l  

I - load cu r ren t  
C 

C 

** Apparent indole-3-pyruvic ac id  concen t r a t ion  determined spec t rophotometr ica l ly  
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enzyme w a s  t e s t e d  f o r  cu r ren t  production by IPA-tryptophan mixtures  i n  t h e  

presence and absence of enzymes. I n  Figure 26 i s  shown t h e  r e s u l t s  under 

i n t e r m i t t e n t  load cyc le s .  The procedure involved f i r s t  loading the  e l ec -  

t r o d e  a t  the  r e g u l a r  p o t e n t i a l  of 0.200 v vs  SCE. A f t e r  t h e  cu r ren t  

decayed p a r t i a l l y ,  t h e  c i r c u i t  was opened and t h e  e l e c t r o d e  allowed t o  

recover  f o r  a few minutes and then t h e  load reimposed. A s  t h e  curves  

show, t h e r e  w a s  a s i g n i f i c a n t  recovery i n  cu r ren t  i n  each case during 

the  rest per iod .  These r e s u l t s  suggest at  f i r s t  t h a t  t h e  IPA concentra- 

t i o n  i n  t h e  reg ion  access ib l e  t o  t h e  e l e c t r o d e  w a s  being reduced during 

t h e  work c y c l e  more r a p i d l y  than  it  could be r ep len i shed  by d i f f u s i o n  

through t h e  agar .  However, i t  was subsequent ly  found t h a t  removal of 

t h e  agar  d i d  not a l t e r  t h e  decay-recovery p a t t e r n  and t h e  c u r r e n t s  found 

were q u i t e  similar whether agar  was present  o r  n o t .  The observed e f f e c t s  

were q u i t e  reproducib le  and t h e  recovery seems t o  be  a proper ty  of t h e  

e l e c t r o d e  r a t h e r  than  of t h e  agar coa t ing .  The agar  seems t o  be essen-  

t i a l l y  t r anspa ren t  t o  t h e  IPA. 

Since t h e  use of an agar matrix f o r  imbedding an  enzyme involves  

p o s s i b l e  p a r t i a l  dena tura t ion  of t h e  enzyme and a l s o  may r e s t r i c t  approach 

of the  s u b s t r a t e ,  i t  w a s  thought d e s i r a b l e  t o  cons ider  a con t ro l l ed  system 

i n  which t h e  enzyme i s  f r e e  t o  o r i en t  i t s e l f  w i t h i n  a l imi t ed  space.  The 

f i r s t  approximation t o  t h i s  i s  the use  of semipermeable d i a lyz ing  membranes 

t o  hold the  enzyme i n  t h e  region of the  e l e c t r o d e  ( o r y  conversely,  a s h o r t  

d i s t a n c e  away from t h e  e l ec t rode )  whi le  a l lowing f r e e  d i f f u s i o n  of t h e  

s u b s t r a t e  and oxid izable  ma te r i a l .  

u s ing  DAO and t ryptophane,  were unsuccessful .  Rapid p o l a r i z a t i o n  of the  

e l e c t r o d e  occurred under a l l  circumstances because of lack of s t i r r i n g  

w i t  h in  the  membrane -e l e  c t rode area.  

Ear ly  t r ia l s  w i t h  such an arrangement 

Fur ther  work on t h i s  aspect  of the  problem w i l l  be c a r r i e d  out 

us ing  a s p e c i a l l y  f a b r i c a t e d  e l ec t rode  chamber wherein the  membrane t o  

e l e c t r o d e  d i s t ance  may be varied a t  w i l l  and s t i r r i n g  of t he  e l e c t r o d e  

compartment s o l u t i o n  may be accomplished by use of a v i b r a t i n g  e l e c t r o d e .  
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6.2 DISCUSSION 

The enzyme coa t ing  s tud ie s  are somewhat d i f f i c u l t  t o  assess a t  

t h i s  po in t .  The d a t a  i n d i c a t e  t h a t  t h e  aga r ,  i t s e l f ,  dces not  i n t e r f e r e  

s i g n i f i c a n t l y ,  wi th  t h e  oxidat ion of t h e  IPA present  i n  f r e e  s o l u t i o n .  

However, i nco rpora t ion  of enzyme i n t o  t h e  agar  does not  a l low cu r ren t  

v a l u e s  which approach those  obtained w i t h  t h e  enzyme i n  t h e  f r e e  so lu t ion .  

A l s o ,  wi th  the  enzyme i n  f r e e  so lu t ion ,  t h e r e  i s  a s i g n i f i c a n t  reduct ion  

i n  cu r ren t  when the  p l a i n  agar  (without enzyme) i s  used as an  e l e c t r o d e  

coa t ing  v s  the  uncoated e l ec t rode ,  even though t h e  concent ra t ion  of IPA 

i n  s o l u t i o n  i s  the  s a m e  i n  both cases. These observa t ions  are p resen t ly  

inexp l i cab le .  Fu r the r  support  f o r  some s o r t  of enzyme-electrode i n t e r -  

a c t i o n  may be taken from t h e  da t a  i n  Table 2 ,  i n  which e l e c t r o d e  c u r r e n t s  

are shown t o  be g r e a t e r  a t  a given IPA concent ra t ion ,  w i t h  enzyme present  

t han  without  t h e  enzyme. Examination of t h i s  ques t ion  w i l l  cont inue.  
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1. 

FUTURE WORK 

Elec t rode  attachment and incorpora t ion  s t u d i e s  w i l l  cont inue  w i t h  

t h e  use  of DAO (as t h e  only completely cha rac t e r i zed  enzyme system 

p r e s e n t l y  a v a i l a b l e  f o r  model systems) incorpora ted  i n t o  d i f f e r e n t  

media or  d i r e c t l y  adsorbed t o  t h e  e l e c t r o d e  su r face .  

anode compartment w i l l  be  used al lowing more v e r s a t i l i t y  i n  pro- 

v i d i n g  v a r i e d  enzyme and s u b s t r a t e  concent ra t ions  i n  d i f f e r e n t  

p o s i t i o n s  w i t h  r e spec t  t o  the  e l e c t r o d e .  Of s p e c i a l  i n t e r e s t  w i l l  

be  t h e  problem of d i f f e r e n t i a l  p o t e n t i a l  g r a d i e n t s  ac ross  membranes 

and t h e i r  e f f e c t s  upon s u b s t r a t e  and product f lows. 

A s p e c i a l  

2. S tud ie s  w i l l  be c a r r i e d  out upon i n t a c t  micro-organisms and t h e  

e f f e c t  of t h e i r  attachment to the e l e c t r o d e s .  They w i l l  inc lude  

i n v e s t i g a t i o n  of t h e  a l t e r a t i o n  i n  conduct ive p r o p e r t i e s  of t h e  

e l e c t r o d e  system by b a c t e r i a l  coa t ings  and a t tempts  w i l l  b e  made 

t o  re la te  observed p o t e n t i a l  and cu r ren t  e f f e c t s  w i th  t h e o r e t i c a l  

parameters.  

3 .  Urease-urea systems w i l l  be f u r t h e r  cha rac t e r i zed  s o  as t o  determine 

t h e  cause of observed e l e c t r i c a l  a c t i v i t y  and t o  determine con- 

d i t i o n s  f o r  opt imal  production of e l e c t r i c a l  energy by t h i s  system. 

4 .  Work on c h a r a c t e r i z a t i o n  of t h e  gene ra l  mechanism by which b i o l o g i c a l  

systems produce e l e c t r i c a l  energy w i l l  be cont inued,  w i t h  cont inued 

i n t e r e s t  i n  t h e  ques t ion  of d i r e c t  enzyme o r  macro molecule p a r t i c i -  

pa t ion  i n  t h e  e l e c t r o d e  r eac t ion .  Se lec t ion  of a d d i t i o n a l  s u i t a b l e  

organism o r  enzyme candidates  f o r  s tudy  are p r e s e n t l y  i n  progress .  

Those a s s o c i a t e d  wi th  n i t rogen  metabolism are p r e s e n t l y  favored.  

5. The chronopotent iometr ic  s tud ie s  on t h e  s e l e c t e d  b i o l o g i c a l  systems 

w i l l  cont inue.  Work i n  t h e  nea r  f u t u r e  w i l l  be d i r e c t e d  t o  the  evalu-  

a t i o n  of wax impregnated carbon e l e c t r o d e s  f o r  t h i s  purpose. 
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